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CHAPTER ONE 
Man the Extravagant 


A single farmer in the USA today provides an average of forty 
people with foodstuffs and textile fibres. A Chinese rice farmer, 


- on the.other hand, works strenuously from dawn to dark without 


securing more than his own bare existence. What a difference in 
efficiency! In efficiency? Yes, but it is precisely in relation to 
efficiency that the activity of the American farmer, critically con- 
sidered, comes off worse than that of the Chinese peasant. The 
US farmer’s harvest is many times greater than that of his As- 
iatic colleague; but what price does he pay for this? 

Efficiency is the relation between output and expenditure. If 
we convert the energy gained from the harvested plants into kilo- 
watt hours and compare it with the energy expended for that 
harvest, the result is startling: for 50 harvested energy units the 
American farmer invests 250 fuel energy units, the Chinese 
farmer only a single unit of human energy. This means simply 
that the primitive countryman of the East works at an efficiency 
rate of 5,000 per cent, and the US farmer, equipped with the 
most advanced technical aids, at an efficiency rate of only 20 per 
cent. 

Certainly they represent the two extremes, The American 
ruthlessly exploits energy, the Chinese ruthlessly exploits him- 
self. It is true that the ruthless exploitation of energy guarantees a 
more agreeable way of life; but for how long? In a few gener- 
ations we shall have completely exhausted our available reserves 
of mineral energy. The oil reserves will have dried up; the coal 
seams will have been worked out. Man will have to cross off his 
jist of natural resources such energy suppliers as petrol, diesel 
and fuel oil, plus the aircraft propellant kerosene, as well as the 
material products from coal and petroleum: tar and asphalt for 
street-paving; synthetic fibres, like polyester, nylon and acetate, 
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synthetic rubber for the tyre industry — in short, all the raw 
materials of the plastics industry. 

The ruthless exploitation of energy and materials that we 
permit ourselves gallops faster today than any inflation. When a 
housewife weighing 130 lb. goes shopping in a car weighing more 
than a ton and consuming high-grade petrol at a rate of 20 to 25 
m.p.g., in order to bring home two or three paper bags of pro- 
visions, the operation can scarcely be termed a prudent husband- 
ing of our limited energy resources. Every American uses up 
quantities of energy corresponding, on the average, to the bodily 
labour of 500 human slaves. Australians make use of 250 such 
energy slaves per head, Europeans of over 200, South Africans of 
125 or So. 

If, as citizens of a Western industrial state, we believe that we 
cannot live without the energy which is today at our command, 
simply considering the world distribution of energy may serve to 
dissipate these rather one-sided conceptions. For every American 
at the present moment, energy is being consumed every year, 
directly or indirectly, equivalent to that of 12°7 tons of coal. The 
Canadian in comparison uses 11°0 tons. Swedes are in the third 
place with 7-2 tons. Then follow the East Germans (69 tons), 
Belgians and Danes (6-7 tons); the British (6-5 tons) and the 
citizens of West Germany and the Netherlands (6-2 tons). An 
Ethiopian nomad, on the other hand, could carry his annual 
energy equivalent on-his back in a 70 Ib. sack. 

Now it might be supposed that the near-limits of energy con- 
sumption per head had been reached in the Western world. But 
they have not. American scientists allow for a population in- 
crease of 30 per cent in their country between 1970 and 2000. 
The increase in energy consumption, however, for the same 
period, is estimated at 400 to 500 per cent! 

Let us revert for a moment to the image of the ‘energy-slave’. 
Dr James P. Lodge Jr, of the National Atomic Research Center 
in Boulder, Colorado, takes the term literally when he says: ‘Of 
course we must limit our population growth, but it would be still 
more helpful to cut down on the numbers of our energy-slaves. 


‘That this demands a high degree of rethinking and a new set of 
priorities is obvious.’ 
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Certainly the rethinking will be difficult, but let us hope it will 
not prove impossible. If we do not manage it in time, and that 
means within the next five to ten years, these energy-slaves with 
their waste products — far more difficult to dispose of than 
human excrement — will get entirely out of control and become 
more and more toxic, till one fine day they abandon us as butlers 
desert impoverished noble families. 

Scarcely more sparing than the use of energy has been that of 
materials. We reduce our natural raw materials in the manu- 
facture of refrigerators, beer bottles, newspapers, and an inde- 
scribable variety of de luxe packaging, use them for a brief space, 
and then throw them on the rubbish tip or burn them up in high- 
temperature plants specially designed for the purpose. The result 
of this prodigal use of materials is not difficult to foresee. 

Towards the end of our millennium there wili no longer be any 
natural paper. Synthetic paper will take its place, but the basic 
material of synthetic paper, petroleum, will likewise be exhausted 
by the coming generations. Even before the year 2000, reserves in 
silver, aluminium, mercury, lead, platinum, zinc and tin will be 
used up. By the beginning of the third millennium, when 
perhaps our grandchildren and great-grandchildren will be 
living, there will be no chromium, no nickel, no tungsten and no 
iron. 

Scarcity of energy and dearth of materials are two spectres 
threatening the near future, but they are neither the only nor the 
worst consequences of unlimited prodigality. Dearth of material 
on the one hand causes superfluity on the other: superfluity of 
filth. Rubbish tips devour the landscape, poison the ground 
water, become breeding-grounds for new types of pestilence, The 
UN World Health Organization has issued a warning that hu- 
manity is threatened by a growing danger, that of veritable explo- 
sions of plague, especially in view of the breakneck growth of 
towns. In almost every country in the world there are more rats 
than men, even in the USA. Garbage is their staple diet, and as 
long as we do not master the garbage problem we shall not get rid 
of rats, nor be able to eliminate the possibility of new plagues. 

Still more dangerous than garbage, which can be tipped on toa 
waste-heap, is the ever-present ‘invisible garbage’: dust, exhaust 
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fumes and sewage. These are not just a possible danger in the 
future, but already a scourge here and now. They are transform- 
ing rivers, lakes and seas into cesspools, biologically dead; they 
are contaminating field and pasture, and poisoning the atmos- 
phere, In the centre of Tokyo there are already kerb-side pumps 
dispensing oxygen. For a coin in the slot, the modern inhabitant 
of this metropolis receives a lungful of oxygen, when dizzied by 
sulphur dioxide, lead and carbon monoxide, and on the verge of 
a blackout. Will such pumps be a commonplace in the world of 
our children? 

The latest statistics are horrifying: the amount per head of 
exhaust fumes and dust poured into the air of West Germany in 
the course of a year weighs more than the domestic refuse per 
head which accumulates or is scrapped during the same period. 
The figures are: eight million tons of highly poisonous carbon 
monoxide, four million tons of no less noxious sulphur dioxide, 
four million tons of dust and rust to poison the lungs and larynx 
two million tons of nitric oxides, and as many tons of hydro- 
carbons. . 

Pollution by gas and dust increases at the same rate as the 
consumption of energy, for both are the products of combustion. 
And the consumption of energy grows and grows — for how long? 
If it bears out the projections of the scientists, and the inevitable 
world energy crisis comes upon us, it will lead straight to the 
most terrible of all conclusions: world war. Not without a 
struggle will the nations allow the last reserves to be peacefully 
distributed. | 


For some 40,000 years Homo sapiens, knowing and thinking 
man, has been on the earth. For some 5,000 years he has lived in 
advanced civilizations and known cities. The development of 
industry does not go back further than 200 years; only since then 
has disaster been overtaking us. 

Life is not, in the last resort, mere metabolism and energy 
exchange, so it seems natural to consume energy and use up 
material proportionately to the ‘intensity’ with which we live. 
The- abiding question is, how has thinking man, alone of all 
creatures, managed during a brief history to create the world- 
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wide energy and raw material crisis? For some 2,500 million 
years there has been life on our planet; the higher plants have 
existed for about 450 million years, vertebrates for some 400 
million. Why did these not produce a similar crisis during the 
much longer span of their existence? They too transform matter 
and energy, and on an even greater scale than man has ever done 
or will ever do. But they have caused no crisis. Why? And can we 
learn from animals and plants? I think we can — and must, if we 
are to survive — as the plants’ example will demonstrate in this 
book. . 

I shall not only show that plants are more ‘conscious of the 
environment’ than men, and therefore will never be overtaken by 
a crisis; I shall also make clear why this is so, and at what points, 
in his capacity of designing engineer, man has made, and is still 
making, the gravest blunders. I shall attempt to explain how we 
can judge whether a design is good, i.e. whether it passes the 
essential test — does it meet the requirements of ecology, both now 
and in the future? 


In 1859, when Charles Darwin published his Origin of Species 
by Natural Selection, the current conception of teleology in ani- 
mate nature was at once transformed. Previously, scientists had 
believed that all plants and animals were exceedingly ingenious 
‘designs’, carefully adapted in every detail to the environment in 
which they lived. Darwin’s evolutionary doctrine proved that 
there could be no question of design. His selection theory 
assumes nothing more nor less than that nature produces, with- 
out plan or meaning, a great multitude of species and forms 
of which only those survive that best withstand environmental 
conditions. Therefore there can be no question of adapta- 
tion, but only of a selection of those species that appear to be 
adapted. 

Since Darwin, biologists have been firmly convinced that 
nature works without plan or meaning, pursuing no aim by the 
direct road of design. But today we see that this conviction is a 
fatal error. Why should evolution, exactly as Darwin knew it and 
described it, be planless and irrational? Do not aircraft design 
engineers work, at precisely that point where specific calculations 
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and plans give out, according to the same principle of evolution, 
when they test the serviceability of a great number of statistically 
determined forms in the wind tunnel, in order to choose the one 
that functions best? Can we say that there is no process of natural 
selection when nuclear physicists, through thousands of com- 
puter operations, try to find out which materials, in which com- 
binations and with what structural form, are best suited to the 
building of an atomic reactor? They also practise no designed 
adaptation, but work by the principle of selection. But it would 
never occur to anyone to call their method planless and ir- 
rational. The result is satisfactory, but the way that leads to it is 
not design but development. 

Characteristically, biologists and ecebniciide understand, 
under the one word ‘evolution’, two completely different 
concepts. For the former, ‘evolution’ is the interplay of plan- 
lessness and survival chances. For the latter, it is development, . 
the legitimate means to an end — the best means even, for designs 
must first stand the test of practice, but the products of develop- 
ment have already stood the test by developing. Designs can be 
mistaken; developments cannot. 

Here we have another great distinction between development 
and design: developments follow on environmental conditions, as 
though they could not progress more quickly than these con- 
ditions. Their products will always be adapted to the environ- 
ment. They will not outstrip it and therefore force it to adapt 
itself to them. Designs have other time standards. They can be 
speeded up almost at will. That is the root of the evil. Obviously, 
fatal consequences always supervene when designs outstrip the 

“environment and leave it no time to adapt itself to them. Rivers 
which are contaminated by industrial waste more quickly than 
their self-cleansing process can regenerate them provide an 
example of this. Thus the machine does not belong to the en- 
vironment of natural man; rather, natural man belongs to the 
biological environment of the artificial machine. The dilemma of 
our time consists in man having to adapt himself to the machine, 
because its maturing principle, which is design, advances more 
rapidly than the maturing principle of man, which is develop- 
ment. Hence the progress of the machine may prove fatal for 


14 


Man the Extravagant 


man. And since he himself is its design engineer, he is com- 
mitting suicide. 

Man is and remains a biological organism. He cannot be 
remade overnight. And a good thing too, for that cuts out the 
danger of mistaken designs. Furthermore, he is forced to take 
himself into consideration in his all too audacious technical 
designs, and not to outstrip himself. If he does, he will be as 
little able to adapt himself to his own products as is nature in 
general. 

When birds, in remote ages, learned to fly, they conquered the 
air through development, and in the end they became adapted to 
it. A biological organism needs time for that to happen. But a 
land animal that I carry up into the air in an aeroplane and then 
throw out obviously cannot adapt itself to the quickly changing 
conditions, and hurtles to the ground. 

Development leads to adapted forms, but in the case of design 
this is not so. Why then do we still believe that Darwinian natu- 
ral selection has nothing to do with intelligent adaptation, but 
that specific design has? We shall have to get rid of this belief as 
quickly as possible if we wish to acquire the art of survival. In 
future our engineers will have to develop rather than design. At 
every step they take, they will have to look to the compatibility of 
their artefacts with the natural environment. This does not mean 
that the specifically human mode of progress, which is design, 
has to be destroyed root and branch. But where we employ it, we 
shall have to do so within the two limitations that are taken for 
granted in development: it must be carried out with a continual 
feedback to the environment, and its speed must not outstrip the 
rate of adaptation possible to the natural environment, especially 
that of man. 

As neo-Darwinians let us cease, in reading this book, to believe 
that plants are the products of chance, organisms which are not 
adapted to their environment but continue to exist only because 
they have been lucky enough to meet its demands. It is simply 
not true that development and adaptation are irreconcilable with 
one another, Development furnishes adapted forms, as we shall 
see at every step — forms adapted in the best way possible. That is 
why plants are better engineers than we are. 


CHAPTER Two 
The Power of Light 


The most powerful source of energy, and at the same time the 
one least effectively exploited by man, is light. Except for atomic 
energy, practically all the energy used by man comes, indirectly, 
from sunlight. Hydroelectric power plants use the downward 
flow of water. Without the water cycle produced by evaporation 
they would dry up. Evaporation and rain, however, are a result 
of the sun’s heat. Thermal power stations work with coal, oil or 
gas — organic substances that plants have stored up with the help 
of solar energy over millions of years. Petrol, diesel oil, kerosene, 
petroleum, natural gas and other heating and power fuels have 
the same origin. The foods by which we give energy to our bodies 
(often more than is advisable) may ultimately be traced back to 
plants, for the animals we eat are dependent on plants or on other 
plant-eaters for their nourishment. And the plants build up their 
substance directly with the help of the energy they get from light. 

Without this primary use of light no life would be conceivable. 
Plants are capable of utilizing energy from light; man with all his 
technology has been able to do so only during the last few 
decades, and on a scale which can be safely ignored even today in 
any normal consideration of energy production. The ability to 
build firm organic substances from air and water with the help of 
light is given only to the green plant. In the course of their 
assimilation in leaves and stalks, carbon dioxide and water some- 
how give rise, through the action of chlorophyll, first to glucose 
and then to starch and more complex compounds, and the 
energy contained in these substances is taken direct from sun- 
light. These facts are today a commonplace to every schoolboy, 
and a puzzle to every scientist. No one so far has been able to 
explain how this simple, yet for man inimitable, chemical process 
is brought about. All we can be sure of is that it is brought about, 
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and that it is only brought about when sunlight is available as 
energy. If I partially cover an assimilating leaf with a small 
- patch, that leaf will produce glucose, and thence starch, from air 
and water in exactly that area which is reached by the light. If, 
after a sunny day, I take a leaf covered in this way and treat it 
with an iodine solution, the areas containing starch will go black, 
and I shall get, as in a photographic negative, a faithful render- 
ing of the covering mask. 

Assimilation is taken so much for granted that the uniqueness 
and extraordinary significance of this use of energy is no longer 
perceived. Let us examine a few figures which reveal what is 
really behind the word ‘assimilation’. 

We can begin in a small way. A square centimetre of the leaf of 
a sugar-beet can synthesize every day only the thousandth part of 
a gram of glucose from air and water, with the help of light. 
Figures for barley and potato leaves are slightly lower still. Rela- 
tive to the entire leaf surface of a plant, however, such product- 
ivity is not to be despised. The amount of solid matter 
originating from air and water in the course of a single year is 
brought home to us by the yield of a single cornfield. From the . 
point of view of energy balance, the productivity is also ex- 
tremely economical: for the synthesis of 1 kilogram of glucose the 
green plant needs only about 4:4 kilowatt-hours — the power 
consumed by a colour television set in fifteen hours of viewing. 
_ That kilogram of glucose contains 400 grams of pure carbon, 
extracted from 0°75 cubic metres of pure carbon dioxide. Because 
this gas is contained in the air in a proportion of only 0-033 per 
cent, the carbon dioxide has to be extracted from 2,250 cubic 
metres of air. At the same time 0°6 of a litre (just over a pint) of 
water has to be chemically decomposed for 0°75 of a cubic metre 
of oxygen to be produced. 

Let us now consider assimilation on a world scale. Every year 
terrestrial plants store 17,200 million tons of carbon, and marine 
plants as much as 25 billion tons, from the carbon dioxide of air 
and water. This total of 42,200 million tons of carbon is con- 
_ tained in 105,500 million tons of glucose, which corresponds to a 
goods train more than 30 million miles long filled to the brim 
with glucose. It would be long enough to cover the entire railway 
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network of the world forty times without a break; it would be 130 
times as long as the distance from the earth to the moon, or a 
third of the distance from the earth to the sun. This train would 
contain the glucose production of only one single year. 

In the course of assimilation 467 billion kilowatt-hours of light 
output are absorbed annually. That is over a hundred times the 
entire world production of electric power (according to figures 
for the year of 1973). Of this the plants of the earth use 189,500 
billion kilowatt-hours annually for their own energy needs. 
17,100 million tons of carbon return into the atmosphere. But 
25,100 million tons of carbon remain stored in solid matter, in 
addition to 37,800 million cubic metres of water. 277,500 billion 
kilowatt-hours are sunk every year in that storehouse of energy, 
the plant. For this giant-scale synthesis, 79,000 billion cubic 
metres of carbon dioxide are annually converted by the plants. 
32,000 billions find their way back into the air, 47,000 billions 
remain bound. But on the other hand, 47,000 billion cubic metres 
of pure oxygen are precipitated. 

The figures are incredible. And the balance as it stands would 
soon mean a scarcity of carbon dioxide (and thus the starvation 
of all life on earth) were it not that men, animals and micro- 
organisms are continually burning up the carbon they absorb 
with their food, and turning it into carbon dioxide which they 
breathe out. We human beings alone annually return 140 million 
tons of carbon to the atmosphere when we breathe, while animals 
and soil bacteria return over 24 billion tons. The smallest of 
vegetable organisms, bacteria, are of the utmost importance in 
this process. Without that return of carbon to the atmosphere, 
terrestrial plants would die of starvation in sixty-two years, 
though marine plants would have provision for 2,400 years. By 
and large, therefore, through the co-operation of all living 
things, the balance of carbon is adjusted. For millions of years 
there was a slight surplus in the form of stored carbon: peat, coal, 
petroleum and natural gas. Since the end of the last century man 
has been systematically using up these deposits. It has been cal- 
culated that between 1890 and 1960 an annual average of 1,200 
million tons of carbon was returned to the atmosphere through 
industrial combustion processes. Thus those seventy years ac- 
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count for more than 13 per cent of the atmospheric total. In the 
year 1960 the influx of carbon from industrial plant amounted to 
3,120 million tons; since then it has rapidly risen, and is going to 
rise still more in the future. 
The American oceanographers Roger Revelle and Hans E, 
Suess have expressed it thus: 


Humanity is busy instituting a geophysical experiment in the grand 
style, one that could not have taken place in the past, and one which it 
will not be possible to repeat. In the course of a few centuries we have 
been returning to the atmosphere and the oceans the concentrated 
sedimentary carbon of millions of years. 


We are busy upsetting the atmospheric equilibrium. Will this 
be crucial for the future development of climate and life on our 
planet? Our need of energy, which grows from year to year, has 
hitherto made this extremely dubious experiment necessary for, 
unlike the plant, we do not yet know how to make direct large- _ 
scale use of sunlight. 

That the opening up of that cheap source of energy, light, does 
not necessarily presuppose costly projects of research such as the 
installation of giant sun-furnaces (on which work is now being 
done in the USA) is proved by a quite recent chemical discovery. 
Many plastics which up to now have been piling up intact on 
rubbish tips, or producing highly poisonous gases in incinerators, 
are quickly broken down by sunlight without cost or danger to 
the environment, if an enzyme required to catalyse this reaction 
is mixed with them in their manufacture. 


If the energy of sunlight is to be used, the important thing is to 
catch as much light as possible. With space probes, satellites and 
moon-landing bodies, especially in the Skylab project, the prob- 
lem is very real. The electronic measuring instruments and trans- 
mitters of artificial space stations are frequently fed from so- 
called solar batteries. These are cells which, as in a photographic 
exposure meter, convert sunlight directly into electricity. Hence 
the astronauts do not need to carry ‘canned energy’, such as 
heavy storage batteries with a limited life. 

If firmly fixed to a moving system such as a satellite, the solar 
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cells would be illuminated by the sun only intermittently, and 
most of the time would lie inactive in shadow. To avoid this loss 
of output, space technicians have developed highly complex elec- 
tronic tracking systems, which sense the direction of the sun’s 
beams, and then, by means of control motors, move the solar cell 
panels to face the sun in order to receive the maximum amount 
of light. From the simple measuring technique (of the direction 
of the beam), through the logical interpretation of the data, to the 
precise execution of control, is technically a long step; and the 
electronic-mechanical construction which can do all that is cor- 
respondingly expensive, not only in its operation, but also in its 
manufacture. In addition, the circuits connecting sun sensors 
through the computing system to the control motors occupy con- 
siderable space. 

As with most intricate problems, plants are here far superior to 
our technology. They are masters of phototropism, which is the 
name given by botanists to the movement of a plant under the 
stimulus of light (causing indoor plants, for instance, to turn 
towards the window); but how small are their means, and how 
minimal their expense! Apparatus for the measurement of the 
direction of light, interpretation mechanism, control propulsion, 
and finally the part itself that has to be controlled, form one 
compact unit — in the extreme case of unicellular bacteria, a 
thousandth part of a millimetre in size. In higher plants, too, the 
phototropic mechanism is contrived with such economy that it 
actually takes up no space of its own at all. It is only one of the 
many ancillary functions of the whole plant. 

What does phototropism do? In space travel it orientates an 
instrument. according to the position of the sun; in botany, it 
performs such a multiplicity of separate functions that study of 
the subject is far from being exhausted. Here we shall examine 
only a few examples to see how plants react externally to the 
stimulus of light. 

First of all, light plays a decisive part in growth. That a long, 
thin, almost leafless, yellow-white shoot issuing from a potato eye 
in a dark cellar is different from a healthy, broad-leaved dark- 
green potato plant in the field needs no demonstration. The 
meaning of such a marked difference is obvious: whereas the 
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shoot that gets the light can draw on the sun’s energy for its 
- progress, the one without light must draw on the reserves in the 
potato tuber. Through its long thin shoots it is trying to get up to 
the light. as quickly as possible, and with the minimum ex- 
penditure of energy. 

Another effect of light on plant form produces exactly the 
opposite result. Too much light, especially that of the rich ultra- 
violet rays of mountain altitudes, can be harmful to man and lead 
to sunburn. Plants which receive intense light protect themselves 
against it, e.g. the edelweiss with its silvery-white fur. In flat 
country, where the flower receives much weaker rays with a very 
small proportion of ultra-violet, hair-formation is immediately 
reduced, and where lighting conditions are bad, hair is totally 
absent. 

Light exercises direct control on the growth of plants. They 
grow towards the light, and in such a sensitive way that in many 
species a shoot that has been kept a whole day in the dark will 
react to a single flash of light lasting no more than two- 
thousandths of a second. After about twenty minutes the reaction 
sets in, reaching its peak in about an hour’s time. The extent of the 
bend described by the plant will depend directly on the amount 
of light that has fallen on it. 

Leaves normally place themselves at right angles to the direc- 
tion from which light falls. (Tropical foliage is an exception; it 
'must protect itself from excessively strong rays.) If one leaf is 
overshadowed by another, it will bend sideways so as to receive as 
much radiation as possible. Over a whole tree or bush the control 
of each leaf individually results in a veritable leaf-mosaic, in 
which leaf elbows leaf, and advantage is taken of every gap. Ivy- 
covered surfaces show this to perfection, and here the shape of 
the leaf contributes to the mosaic appearance. 

The toadflax (Linaria cymbelaria) possesses a particularly in- 
genious phototropic system. The stalk reacts in such a way as to | 
turn the flower to the light. Later, when the flower withers and is 
_ replaced by the ripening fruit, the stalk will suddenly behave in 
exactly the opposite way: it will turn the fruit from the light and 
seek dark clefts in a wall or rock in which the seeds can be sown. 
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If one were to take tender plants from tropical forests, and try 
to grow them in the open air of a botanic garden in temperate 
Europe or North America, the immigrants would not last long. 
The climatic differences between the constantly moist, lukewarm 
soil of the primeval tropical forest and the environmental con- 
ditions of the so-called temperate latitudes are obvious. For in- 
stance, if the average annual temperature of Java is about 25°C, 
the average temperature of the coldest month, February, is about 
24°5°C, and that of the warmest month, September, is about 
25°5°C. By contrast, the average temperature for January in 
Munich is —1°5°C, and that for July 17-5°C. Thus in the trop- 
ical forest there is a difference of only 1° between the tem- 
peratures of the coldest and the warmest months, but in the 
‘temperate’ climate there is a difference of nearly 20°. This vari- 
ation is true also of the distribution of humidity, of rainfall and 
of sunshine during the year. 

Not being geared to the radical weather variations of the ‘tem- 
perate’ climate, tropical plants need the protection of a green- 
house to provide more favourable temperatures, greater 
atmospheric humidity, and more moderate light than are usual in 
the open air of the ‘temperate’ zone. But there are climatic 
regions with more extreme conditions still. In some deserts, tem- 
peratures can vary overnight by 50°C or even more. Relative 
humidity can vary in the same space of time by 70 or 80 per cent; 
added to all this are the unremitting rays of a merciless sun. 

In a climate of such extremes as in Namaqualand in the south 
of Africa, there is one plant which is quite at home, for it has 
contrived to protect itself by a peculiar kind of greenhouse: it is 
the ‘window plant’, Fenestraria, which lies almost completely 
buried in the ground with only the extreme ends of its thick, 
club-like leaves protruding. Through its underground life this 
open-air plant becomes practically an indoor variety, for the soil 
round about protects it from excessive heat, from harsh light, 
and from dehydration. But every green plant needs some light to 
live, not a great quantity concentrated in only one small area, but 
bright, though mild, light, distributed as evenly as possible. The 
form of growth in the window plant seems to belong to the first, 
undesirable alternative. Almost the entire body of the plant lies 
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underground in the dark; only the ends of the leaves reach above 
the ground and receive the blazing sun. But it is here that the 
greenhouse trick comes into play. The ends of the leaves have no 
chlorophyll. They are absolutely transparent, like glass. The light 
does not burn them, but passes through, practically un- 
diminished. The inside of the fleshy little leaves consists likewise 
entirely of a tissue clear as glass. 

Through the watery tissue the sun’s rays finally reach the sub- 
terranean leaf walls. These alone are not transparent: they con- 
tain the green colouring substance, the chlorophyll, by means of 
which they can make use of the energy of light. But the light that 
reaches them has been repeatedly reduced. First, the ‘window’ at 
the extremity of the leaf wards off a great part of the ultra-violet 
rays, exactly like a greenhouse window; then, by dispersion 
inside the leaf, the light which falls through the small surface of 
- the ‘window’ is fairly evenly distributed over the large surface of 
the leaf wall; and finally the glassy matter also absorbs some 
light, just as a window-pane does. All in all, therefore, Fen- 
estraria applies the greenhouse principle exactly, and yet, though 
the result is the same, there is a fundamental difference between 
greenhouse and plant. The greenhouse is meant to adapt en- 
vironmental conditions to the necessities of exotic plants. The 
Fenestraria adapts its necessities by the same means to the en- 
vironment. The one is a predesigned alteration of the environ- 
ment, the other an adaptation to the environment. 
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We have all heard reports of cities in which the refuse collectors 
have gone on strike. Dustbins overflow, and the garbage they can 
no longer contain strews the streets. Every gust of wind sweeps 
old newspapers, soiled cartons and rattling tins in front of it. 
Greasy dust whirls around, and the air is laden with the nauseous 
stench of decayed food. 

Such is the rubbish problem on a small scale. On a large scale 
it begins with the accumulated refuse not of a few days, but of 
months, years, decades. Think how many ordinary ap- 
purtenances there are in daily life, from the ball-point refill to the 
motor-car, or how many industrial products roll off the auto- 
mated assembly lines, second by second. Without exception, 
every single thing that is produced for use is potential rubbish. 
‘Tomorrow or the day after these things will either be used up or 
simply discarded. Refrigerators, prams, files, used engine oil, ob- 
solete armoured cars, entire houses — literally everything pro- 
duced yesterday is the refuse of today, and everything 
manufactured today will be the refuse of tomorrow. That is as 
certain as the alternation of harvest and sowing. Why then do we 
not think of the problem of disposal at the manufacturing stage, 
since it is a problem which we are bound to face? 

Iron rusts; but the durable goods of our economy must not be 
allowed to rust. So we prefer to make them out of aluminium 
rather than iron. This is quite reasonable: higher production 
costs are offset by greater durability. But why do our packing 
industries produce more and more cans, for which sheet steel was 
formerly used, out of aluminium? The production of aluminium 
requires six times as much energy as does the production of iron, 
It is true that aluminium cans are lighter than steel ones, but 
twice as much energy goes into their manufacture. Double 
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expenditure of energy not only doubles wastage of energy reserves, 
it also doubles the pollution. In no way does the product justify 
the increased pollution or the expense involved in its manu- 
facture. Cans have a very short life in our economy, but alu- 
minium cans live almost for ever on the garbage dump. 

The refuse production of plants, in contrast with that of men, 
has been going on for millions of years. But disposal takes place 
silently, without offensive odours, without harmful exhausts, and 
without the pollution of land or water. Plant refuse does not lie 
unconsumed for years, as do old plastic containers, abandoned 
cars or air-raid shelters. It is swiftly and continually broken 
down and made usable again. Production and decomposition 
cancel one another out. A system so well balanced is capable of 
functioning for an unlimited time. | 

Man has never really observed or understood this ebb and flow 
in nature. If he had he could scarcely have brought himself to 
create anything so unbalanced as our technology. Up to the pre- 
sent there has been no appreciable degree of destruction to match 
production. Even what is called the utilization of refuse scarcely 
deserves the name. Combustion equipment merely transforms 
solid into gaseous filth, and water-handling apparatus generally 
turns liquid into solid refuse. The root of the evil lies much 
deeper. If we do not stop producing things ceaselessly without 
giving any thought to the problem of their ultimate disposal (not 
in the sense of ‘laying aside’ but of ‘making disappear’), no pro- 
gramme for the protection of the environment, however costly, 
will succeed in solving the world-wide refuse problem. The fact 
that our language has up till now lacked even an approximate 
term for the process contrary to production, that of reducing 
manufactured goods to their original materials, shows how one- 
sided our production thinking is, how completely devoid of a 

- sense of building up and breaking down. 

Plants, on the other hand, have developed the most perfect 
balance imaginable between production and ‘deproduction’: a 
total recycling or complete circulation of material. This means 
that everything plants no longer use is immediately decomposed, 
reduced to its original materials and at once used again. There is 
really no sharp distinction in botany between coming into being 
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and passing away. Building up and breaking down merge with 
one another. The decomposition of leaves, stalks and blossoms 
that are no longer required, and the production of new plant 
organisms, go hand in hand. Every substance produced is de- 
veloped from the beginning in such a way that it can at once be 
simply, quickly and above all usefully decomposed. The smooth- 
ness of this transition from becoming to passing away is most 
impressively demonstrated by the career of a series of evergreen 
tropical trees and bushes. Here, since the old foliage does not fall 
away till long after new leaves have developed, it makes way for 
the young and more efficient: its leaf-stalks bend down sharply, 
so that the ageing leaves do not overshadow the young ones, and 
hinder their growth as little as possible. The old leaves do not go 
limp or wither, but move quite actively into the position favour- 
able to the younger generation. 

Before the leaves fall, as they do in the end, they wither on the 
plant or change colour. And it is exactly the same with our own 
native foliage. This is the outward sign of the extraction by the 
plants of important nitrogen compounds from the leaves they no 
longer require, before the leaves fall off. These compounds find 
their way back into the branches, where, transformed, they are 
once more employed as building material. Thus plants extract 
usable substances from their refuse before they throw it away. 

The leaves that have been shed cover the floor of forest and 
woodland with a thick layer in winter and early spring, not by 
any means as useless refuse, but as something which encourages 
new growth. Just as the gardener covers his young plants with 
brushwood and mats to cut down heat loss and to protect them 
from cold winds, so the fallen leaves protect the ground veg- 
etation of the forest. If new growth stirs in the early months of 
the year, the gardener uncovers his beds. But nature cannot roll 
up the carpet of leaves. Nor, from one point of view, would that 
be desirable, since the leaves keep the ground damp and warm, 
exactly as the germinating seed requires. But the young plants 
need light for their growth. The leaves of the previous year 
behave almost as if they were aware of this necessity: they become 
transparent to light rays, especially in that part of the spectrum 
that is important for photosynthesis, and reach their greatest 
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transparency exactly at the time of germination, from March to 
April. Fallen leaves, therefore, are a form of refuse which could 
not possibly be more favourable to the environment. Only when 
they have fulfilled their last function, the protection of the seed- 
lings against loss of humidity, are they at last broken down by 
ground bacteria, thereby serving as nourishment for these, the 
smallest of all plants. What remains is fertile humus. 

Plants are indeed inspired refuse exploiters, and not only in 
relation to their own material. Animal refuse also — excrement 
and carrion — is swiftly and completely processed by bacteria, 
Graphic examples of the multiple uses of bird droppings are 
provided by plants growing high in the branches of a tree. There 
are many such plants in tropical regions all over the globe. If 
their seeds are not adapted so as to be carried by the wind, they 
are packed into soft, sweet fruit pulp, and rely on transport by 
birds. The berries are eaten, but the hard seeds within cannot be 
digested by the bird’s stomach. Thus they fall with the drop- 
pings. If the little seeds were laid by themselves on the frequently 
smooth tree trunk, they would simply fall down. The bird-dung 
gives them solidity and affords them, at the same time, the 
moisture necessary for germination. As though this were not 
enough, the young growing plant can use it as a welcome 
manure, rich in nitrogen — an ingenious use of refuse material. 

Refuse, it will be seen, can be extremely valuable, occasionally 
even vital. The international magazine Plain Truth, which con- 
cerns itself with the problems of everyday living, recently pub- 
lished an article which showed how the little town of Santee on 
the West Coast of the USA had solved its sewage problem. The 
town authorities realized that what was required was the com- 
plete disposal of refuse through treatment and recycling. Under 
the heading ‘Sewage, a vital raw material’, the author writes: 


Complete sewage treatment — whether by natural decay in the soil 
or by man’s technological processes — produces clean water and nutri- 
ents for plant growth as end products. Whereas nature recycles wastes 
in the soil, the Santee process uses technological means to separate 
suspended and dissolved wastes from water. 

Santee planners initially wondered: ‘Can waste water be reclaimed 
on a large scale?’ As facts were gathered they realized that sewage is 
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not a totally undesirable substance. In reality it contains valuable raw 
materials. 

Santee leaders envisioned the creation of marketable products from 
waste water. Sewage solids make high-grade soil-conditioners and 
plant fertilizers valuable to gardeners, horticulturists and farmers, as 
long as the sewage is free from heavy metals and other industrial 
wastes. (These pollutants escape removal by even the most advanced 
sewage treatment facilities, so that waste water containing non-bio- 
logical materials must be treated separately.) 

Pinched between biological necessity and sewage disposal cost, the 
vast majority of modern cities give their waste water a ‘once-over’ 
treatment, then pipe the effluent to the nearest stream, river or large 
body of water for dilution. This method of sewage disposal is called 
‘primary’ treatment. Most cities throughout the world use only prim- 
ary sewage treatment, if any at all. Of course, primary treatment is the 
quickest, least expensive — and one of the least satisfactory — means of 
ridding a community of its waste. 

For little thought is given by most communities to considering the 
effects of their actions on others. Humans seldom apply Jesus’ Golden 
Rule: ‘do unto others as you would have them do unto you’, in regard 
to mundane matters such as sewage disposal. If they did they would 
never think of dumping wastes upon others, either individually or 
collectively. Unfortunately man too often takes the modified escape 
route of: ‘do unto others what they do unto you — only do it first!’ 

And today the same attitude is exhibited nearly everywhere. New 
York City, for example, that overcrowded town with its millions of 
households and giant industrial plants, dumps its waste water by way 
of the Hudson into the sea. The mighty Mississippi, carrying un- 
treated sewage and industrial refuse by the ton, streams stinking into 
the Gulf of Mexico. Nor are European waters much cleaner, in spite 
of the campaigns against pollution of the environment. 

Whether one lives in the abundance of the Western World, or in the: 
poverty of the Third World, the pollution of the environment is a fact 
with which both there and here one has to live, though the situation 
might be changed. 

Why is the Santee project so important? 

First, it puts a stop to water-pollution, and thus saves many down- 
stream dwellers from a deterioration of their water supply and injury 
to health. Second, it supplies purified, fresh water, which becomes 
every day more important, since clean water is increasingly scarce. 

Today the Santee project has proved itself to be a model for modern 
sewage treatment plants. No pollution results from the process, and 
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some eight million litres of raw sewage are processed every day. Re- 
claimed water is available for many uses. 

Representatives from over forty countries have visited the project. 
Indeed it is a sensible model for any town attempting to stretch its 
water supply while solving a major cause of pollution. The Santee 
project pictures the kind of resource-consciousness necessary for a 
clean world of the future. 


What is lauded here as an exception is the usual thing in the 
world of botany. There all natural pollution of waters is nat- 
urally eliminated. Foreign substances are treated biologically by 
water-plants and bacteria and fed back into the ground. And as a 
_ perfect model for the immediate treatment and re-use of dom- 
estic and industrial water, consider the urn-like leaves, traversed 
by roots, of the tropical liana Dischidia rafflesiana, which will be 
discussed in Chapter Eight. 


CHAPTER FOUR 
Plants as Chemists 


If two parts of hydrogen are mixed with one of oxygen, the result 
is oxyhydrogen gas. If a match is put to the mixture, it will 
explode, the two gases combining chemically as water. But the 
reaction of the two gases to one another can be produced without 
igniting them, simply by adding platinum black. The platinum 
will cause the hydrogen and oxygen to combine at room tempera- 
ture, as water, giving forth great heat. The platinum itself 
remains unchanged. But its presence is enough to start the reac- 
tion, just as the mere presence of a policeman can compel motor- - 
ists to pay attention to a speed limit. 

Such mediating substances are called catalysts. Chemists often 
use them to speed up processes in the laboratory or in industrial 
manufacture, or to make them possible on a larger scale. Plati- 
num is only one of a whole range of such catalysts, without 
which the technological chemistry of our epoch would not exist. 
Cigarette ash can act as a catalyst; lump sugar sprinkled with it 
can be ignited and will burn with a blue flame. Without the 
cigarette ash the sugar could not be ignited. A certain quantity of 
hydrogen peroxide (H,O,), when heated, will disintegrate into 
hydrogen and oxygen in time, without a catalyst. If platinum 
black is added, however, the operation is a thousand times 
quicker. Chemical processes thus become vastly more economical 
through the use of catalysts. 

Chemical reactions are taking place every moment in every 
living plant. And the plant, too, uses a whole range of highly 
effective agents, most of which, unlike the chemist’s catalysts, it 
has developed for a specific reaction. Their catalytic potential is 
therefore a great improvement on that of the substances which 
we know in the laboratory and in industry. If the time needed for 
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the disintegration of hydrogen peroxide is reduced by the tech- 
nological auxiliary platinum to a thousandth, the effect of the 
vegetable substance catalase is a thousand times better — for it 
reduces reaction time to a millionth. 

I need not stress that the plant is in many ways superior to the 
chemist: one need only think of its ability to build up glucose and 
starch out of water and air. But the case of the catalyst demon- 
strates that even when the plant is doing something in no way 
different from what the chemist does, it is infinitely his superior. 
Here once again its principle is development, corresponding to 
the environment and for that reason in harmony with it. 
Through the meticulous adaptation of the catalyst to a given 
chemical task its effect is enormously increased, and thereby its 
profitability. 


Fruit growers, in the course of storing and dispatching apples, 
have made a remarkable discovery. If late varieties are picked 
before they are ripe and packed for transport they will ripen in a 
given time. But if they are packed together with early-maturing 
varieties, they ripen considerably faster. They are therefore obvi- 
ously stimulated to early ripeness by their forward companions. 
And for this to happen the two kinds do not even heed to touch 
one another. How is this mutual influence possible? 

Many growers of indoor plants will have noticed that different 
specimens of the same species will bloom on the same day; 
indeed, buds emerging later on one plant will overtake more de- 
veloped ones on another, so as to burst open with them at the 
same time. This is certainly practical, for simultaneous blooming 
enables them to be simultaneously pollinated by insects. But how 
can plants standing in separate pots come to an understanding 
about progress in bud development? - 

On dry steppes and in semi-deserts the fight for water is a 
fight for life or death. There is enough space for a thick carpet of 
vegetation, but enough moisture in the ground for only a few: 
Therefore many plants in dry regions wage a regular war with 
one another. They make life difficult for a neighbour which 
might draw away precious water from the soil; they hinder its 
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growth and delay or hinder even the germination of its seeds in 
their vicinity. But what are the invisible weapons used in this 
warfare? 

- In the guerrilla war between steppe and desert dwellers, just as 
in the ripening of apples and the development of buds, every 
effect from contact can be excluded. Optical, acoustical, electri- 
cal or similar methods of communication are out of the question. 
Influence, therefore, must be of a chemical nature. And because, 
at least in the case of the apples and the plants in separate pots, 
there is not even any connecting soil in which the plants could be 
rooted and thus influence one another, chemicals in liquid form 
as intermediaries are likewise ruled out. It must therefore be gases 
that produce these remarkable phenomena. And indeed it has 
been discovered that ripening apples emit small quantities of 
ethylene gas, which is capable of strongly influencing other 
plants. The later varieties of apple ripen in storage under the 
effect of this gas, and young bean plants, for example, will grow 
much more slowly than usual in ‘apple air’, but they are stronger. 
A multitude of these ‘wireless’ influences of various plants on one 
another have been observed. They include not only ethylene gas 
(which incidentally is faintly present in our gas fires and stoves) 
but also a whole series of other agents, of which only a few have 
been scientifically investigated. 

In the chemical war carried on by steppe and desert plants, it is 
the roots that discharge active substances in solution. The advan- 
tage is that they cannot be blown away, as gases would be, by the 
frequent desert winds, and that they extend their influence over a 
wide area, as desert plants often have extremely long roots. 
Stringy roots over fifteen yards long and frequently no more than 
an inch or two below the ground are not uncommon with desert 
shrubs one or two feet in height. 

Man, too, has discovered the use of chemical weapons, for the 
art of war has always been somewhat ahead of other fields of 
human activity. But the use of harmless chemical substances in 
the smallest possible concentrations for peaceful communication 
is a matter of sheer utopianism for the chemical technologist. Yet 
it would be well worth our while to devote more research to the 
multitude of chemically controlled plant inter-relationships; 
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besides the influencing of growth, these include such phenomena 
as the promotion of leaf fall, changes in outer shape, contacts 
between the higher plants and micro-organisms in the ground, 
and certainly many more hitherto quite unknown modes of 
behaviour. 


Unicellular plants such as bacteria, flagellates, algae and fungal 
spores, or the sex cells of mosses and ferns, are considered to be 
the most primitive vegetable organisms. ‘Primitive’, however, is a 
questionable term, when one considers the extraordinary capa- 
bilities of these microscopic creatures. In Chapter Seven we shall 
see how they use in their locomotion a motive power that puts all 
our technical propulsion mechanisms in the shade, at least as far 
as effectiveness is concerned. But where in fact are unicellular 
plants going? Are they making for specific goals through definite 
directions in their swimming, or merely winding their way more 
or less at random through the waters? 

An English behaviourist once declared that every action, every 
movement in nature (including man’s) subserved either eating or 
sex — a somewhat ironic simplification. For unicellular organisms 
it would be correct. Once again, it is chemical substances that 
guide these tiny organisms, and often the stimulus of light as 
well. In fertilization, the mobile masculine sex cells find their 
female partners through quite definite chemical lures. The spores 
of algae and aquatic fungi take the shortest route to where 
chemical substances indicate the most suitable ground for germi- 
nation, and bacteria seek, with unerring certainty, the spots with 
the highest nutriment concentration. One example will show how 
admirable the orientation performance of these minute creatures 
is. The mobile and independent sex cell of a fern is attracted by 
malic acid, and makes for it wherever it ‘scents’ it. To do this, 
0°000,000,028 (28 US billionths) of a milligram is enough, a 
quantity which a chemist with the most sophisticated modern 
analysing equipment could identify only with the greatest 
difficulty. While the chemist needs a special apparatus merely to 
detect malic acid, the ‘primitive’ unicellulars also possess an 
extraordinary capacity for distinguishing between different 
chemicals. They can recognize and single out with absolute 
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certainty oxygen and nitrogen, albumen compounds and substan- 
ces related to ammonia, and they can even identify different mol- 
ecules constructed from similar atoms in different ways 
(isomers). 

The fact that many bacteria with a liking for oxygen are 
greatly superior in detective capacity to industrial analysis equip- 
ment has already been exploited by scientists. When it is a ques- 
tion of indicating the tiniest traces of oxygen and even of 
localizing them, oxygen bacteria are called to the aid of the inves- 
tigator. Where they accumulate, oxygen is sure to be present. 

It is not only unicellular plants that have developed a scent for 
nutritive substances. The root tips of all higher plants are capable 
of seeking out valuable materials and avoiding harmful ones. 
They grow directly towards the greatest concentration of nutri- 
ent salts, as can easily be observed if house plants are grown 
alternately in clay and plastic pots. When repotting it can be seen 
that the earth pack in the plastic pot has been uniformly pen- 
etrated by the roots. In the clay pot, on the other hand, all the 
roots press towards the wall of the pot, and the fine little suction 
roots even penetrate the pores of the clay (and have to be torn off 
in repotting). This is because in clay pots part of the earth 
moisture always evaporates through the walls of the pot, and the 
dissolved nutrient salts remain and accumulate in the clay, while 
the earth itself has been impoverished. Plastic pots are therefore 
to be preferred for house plants, but since water loss is much 
smaller in plastic than in clay pots less watering is needed, or else 
the plants will rot. . 

A quite different type of chemical search for nutriment occurs 
with many parasitic seeds. They germinate only where they 
‘scent’ the proximity of their host plant, or (like the seeds of the 
mistletoe) if by some means they have landed on the branch of a 
tree that appeals to them as a source of food. 

Another method of immediately and correctly appraising food 
by its chemical qualities has been developed by the flesh-eating 
sundew. Its round leaves are covered all over with glandular 
hairs, on the ends of which are sticky little drops. If an insect flies 
on to a sundew leaf, it sticks fast and cannot get away. Auto- 
matically stimulated, the glandular hairs on the edge of the leaf 
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move towards the insect and add their force to hold it fast. The 
hairs in the middle, however, do not allow themselves to be dis- 
-turbed by mere contact. They approach the prey only when they 
are sure that what has landed is digestible: that is, they immedi- 
ately analyse the chemical nature of the prey. If albumen is pre- 
sent, or if they detect valuable nitrogenous compounds, they go 
into action at once, and in addition communicate the stimulus to 
all the untouched edge-hairs, so that they too bend over the 
victim. The digestive juices which are then discharged soon dis- 
integrate the food. 
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- When the first bold structures of steel, glass and concrete began 
to oust traditional forms of architecture in the second half of the 
last century, a turning-point was reached in the art of building. 
New technical paths led to a new aesthetic. Liverpool Railway 
Station (1852), the National Library of Paris (1861), and the 
Eiffel Tower, erected for the Paris World Exhibition of 1889, are 
early examples of this development. But its first brilliant monu- 
ment was the Crystal Palace, an enormous hall of iron and glass 
that broke sharply with all traditional styles. 

Its architect, Sir Joseph Paxton, who had been the Duke of 
Devonshire’s gardener in his youth, entered the competition an- 
nounced by the Royal Commission for the design, plan and ex- 
ecution of a building to house the world exhibition planned to 
take place in London in 1851. His ambition to outdo his rivals, 
and his lively mind, open to every novelty, made him seek an 
epoch-making design. He conceived in his imagination a build- 
ing which, in spite of its gigantic dimensions, would have 
nothing heavy or clumsy about it, but rather would produce an 
effect of lightness, indeed of weightlessness. It presupposed a type 
of construction which, while using building materials most spar- 
ingly, and inserting glass, glass again and yet more glass, would 
be strong enough to satisfy all the requirements of stability. 

There was no architectural precedent for such a project, for 
there are never models for what is new. True, engineers for close 
on a century had been demonstrating the carrying capacity and 
constructive advantages of iron for bridges, and Sir Joseph him- 
self had designed, in glass and iron, the biggest greenhouse in the 
world in 1837; but a construction of this type could not be trans- 
posed to the great hall that was planned. The effect would be too 
massive and weighty if erected, like a bridge, on heavy trusses. 
Paxton envisaged a more airy and graceful building. 
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Then the former gardener remembered a botanical structure 
which combined minimal expenditure of material with enormous 
stability and carrying capacity. In his youth he had often 
admired the immense floating leaves of the royal water-lily, Vic- 
toria amazonica. These are-round, up to six feet in diameter and, 
in spite of their thinness, are remarkably stable. This stability is 
achieved by complicated strutting on the underside, with ribs 
radiating from the centre like-wheel-spokes from an axle, and 
flattening as they extend outwards. And to reduce the distance 
between them at the leaf-edge, they split up into as many as five 
forking branches, so that at the edge one rib may have become 
thirty-two smaller parts. In addition, they are bound to one 
another by flatter struts (see Plate 1). 

This was the key to the construction of Sir Joseph Paxton’s 
Crystal Palace: from as few main struttings as possible a series of 
thinner subordinate struts must branch, bound to one another by 
many fine little ribs. No more delicately articulated creation 
could be imagined. 

On 15 July 1850 the Royal Commission in London telegra- 
phed its acceptance. Sir Joseph now knew that his model, the 
Victoria amazonica, had not only enabled him to beat the other 
competitors, but had opened the way to lasting fame. Over a 
hundred years later, Paxton’s Crystal Palace is seen as the ‘now 
recognizable turning-point that gave a new direction to the entire 
development of architectural history’, to quote Konrad Wachs- 
mann (The Turning-point of Building, Structure and Design, 
New York, 1961). The actual conception was not the discovery 
of Sir Joseph Paxton, but of a tropical water-lily; but it was to 
Sir Joseph’s enduring credit to have noted and appreciated this 
invention and transposed it to architecture (see Plate 3). 

When technical construction leads to the same result as natural 
development, or even when natural development is taken as a 
model, we can be sure that that construction will be on good lines 
and suited to the environment. 


There are two possibilities in the strutting of thin sheets with a 
large surface, such as are displayed by many leaves. One of them, 
that of ribbing, has just been demonstrated. This is particularly 
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suitable for aquatic plants, like the royal water-lily, forin their case 
it does not matter so much thatthe added structure of the ribs makes 
the leaves heavier. The water on which they float bears them up. 

Very different is the case of large leaves of terrestrial plants, 
especially in the tropics, where they are exposed to storms and 
downpours. 

The fan-shaped leaves of some palm-trees grow to a length of 
5, 10, or even 15 yards, and can be as much as 3 to 4 yards across, 
giving a total surface ranging from 15 to 60 square yards. Even 
with this size they must obviously be as light as possible, so as not 
to weigh down the leaf-stalk, which often has the additional task 
of moving the leaves into different positions. Not only must the 
stalk carry the weight of these giant leaves; it must also be in a 
position to withstand all the forces that come to bear on them. In 
the Malaysian islands, for example, violent tornadoes accompany 
tropical thunderstorms that rage nearly every afternoon, pulling 
and tearing at the surfaces of the leaves. And then there are the 
torrential rains, during which more water pours down in a few 
hours than many places in Europe or America would average in a 
whole month. Large tropical leaves, therefore, must not only be 
light in proportion to their dimensions, but also extremely stable, 
in order to stand up to all the hazards of the weather. The struc- 
tural combination of lightness with stability is a difficult tech- 
nical problem. Plants have solved it by means of the corrugated 
iron principle. . 

Even thin sheets of metal become very rigid if they are cor- 
rugated or folded zig-zag. The gain in stability can be tested by a 
small experiment. Take an ordinary thin sheet of typing paper, 
size A4 (21 X 29-7 centimetres), and fold it longitudinally at 
intervals of about half an inch, first one way then the other, till 
you have a kind of corrugated paper. Whereas an unfolded sheet 
of paper, when placed like a bridge to lie on its two narrow sides 
unsupported in the middle, will bend by its own weight alone, 
the corrugated paper in the same position will remain absolutely 
firm. You can also add considerably to its weight without it 
bending. A sheet of paper folded in this way, with each end 
resting on a wine-glass, will easily support another, full wine- 
glass weighing 8 oz. and placed on the middle of the papers 
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g-inch span. Indeed, the weight could be increased (using a con- 
tainer with a square base and a side 34 inches long) to 1% Ib. 
before the sheet would bend. Thus stability is increased more than 
a hundredfold, without any additional supporting structure. 

Nature has made use of this simple method by developing 
leaves with a zig-zag cross-section (see Plate 2). As early as 1893 
the botanist, artist, tropical traveller and distinguished naturalist, 
Professor G. Haberlandt described, in Eine botanische Trop- 
enreise, such self-diminishing leaves: 


If anyone wanted to write a treatise on inefficient arrangements in 
the plant world, he could make use of the giant leaves of the banana 
plantain (Muse sapientum), cut by wind and rain into many strips, as 
a striking example. But the example would be ill-chosen, as we would 
see on closer examination. The leaves, the edges of which are in no 
way reinforced, are in any case easily torn, parallel to the secondary 
leaf-veins and often right up to the strong middle rib of the leaf. But 
the edges of the tears soon scar over and the single leaf-strips, which 
now hang limply down, go on functioning undisturbed. The over-sized 
intact leaf is thus transformed by the wind into a pinnate leaf. The 
plant has economized in material, for if it protected so large a surface 
from rents, bast cords of corresponding thickness would have been 
necessary. It has at the same time procured another advantage: the 
_ hanging leaf-strips, which are thin and not very firmly built, now find 
themselves in a position that protects them against further damage 
from heavy downpours, and exposed to the burning rays of the trop- 
ical sun overhead at much more acute angles than when the leaf- 
spread was intact and entire. So the leaf of the banana plantain, tat- 
tered by wind and rain, is an instructive example of how, in the realm 
of organisms, the useful can develop, not only from useless, but even 
from inauspicious beginnings; and also of how foreign to nature in her 
phenomena of adaptation would be an obstinate clinging to pre- 
conceived schemes, however well-tried. 


The stiffening of material by folding is a frequently applied 
technological principle. Roofs, garages, aircraft fuselages during 
and after the Second World War, as in the Junkers Ju types, even 
the coachwork of cars in corrugated or pleated sheet metal, cor- 
rugated cardboard for packing, balcony facings from corrugated 
asbestos, cement and polyester sheets, and many other things, 
down to the pleated paper robes of gold and silver Christmas 
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angels, owe their stability to this ingeniously simple method. But 
the idea of serrating the structure of the folds from the edge 
inwards, of cutting it up into single ribs of one fold, as the palm 
does, has only recently suggested itself to the technologists (see 
Plate 2). In 1965 it was applied to the cantilever roof of the entry 
into what is so far the longest, deepest and most modern vehicu- 
lar tunnel in the world, the Mont Blanc tunnel. 


A building element important in the plant world, and for 
many ages past also in technology, is the column. But while for 
4,000 years architects have been erecting columns of a completely 
homogeneous construction, identical throughout, nature from 
time immemorial has grown columns as ingeniously constructed as 
the ferro-concrete piers known to man only for the last ‘100 years. 

Concrete is strongly pressure-proof, yet it has poor resistance 
to traction stresses. But at the same time it is sensitive to bending 
stresses. For example, if a concrete slab lies open-ended between 
two supports and receives a weight in the middle, like the cor- 
rugated paper in our experiment, its underside will stretch and 
eventually split, for concrete is not elastic. The slab can be re- 
inforced by pouring in with the concrete a steel mesh which 
resists the stress. Such ferro-concrete structures have quite re- 
markable strength, as is proved by wide-spanned motorway 
bridges. Naturally the steel insertion must be exactly at the spot 
where traction tension occurs; in the case of a slab resting open- 
ended between two supports, this will be on the underside. In the 
case of a cantilever balcony, however, the steel mesh must be high 
up in the concrete because, as the balcony is fixed on one side 
only, it is inclined to bend in a direction exactly opposite to that 
of the slab we have just considered. 

What happens in the case of a column? As it is completely 
symmetrical, bending stresses may occur in all directions. It must 
therefore be reinforced in such a way that the longitudinal rods 
run through the whole length of the column and all the way 
round, as near as possible to the surface. And in order that the 
rod construction should not disintegrate before the pouring, the 
rods are bound to one another by strong wire. In the interior no 
steel clamps are necessary, for there no traction tension occurs. 
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Neither an engineer nor an architect invented reinforced con- 
crete: it was a gardener. The Frenchman, Joseph Monier, in 
1867, trying to make plant tubs out of concrete, used iron rods 
for the first time, in the technique now called after him. Actually 
he did not really invent reinforced concrete; he discovered it. For 
every day he noted that plants reinforce their supporting struc; 
tures in exactly that way. Without that discovery of his, all the 
audacious concrete structures of our time, bridges, multi-storey 
buildings, slender television towers, cantilever airport hangars, 
even our modest petrol-station shelters, would be inconceivable. 

Plants have exploited the principle for over 250 million years, 
The reinforcing ‘cages’ of plant candelabra can be clearly seen in 
dead saguaro cacti, because the rest of their tissue does not turn 
to wood but frequently disintegrates completely. The skeleton of 
a giant saguaro cactus stem, like the reinforcement cage of a 
ferro-concrete column, can be seen to show the Monier process 
close to the surface. The whole of the interior, both of plant and 
pillar, is without reinforcement elements. The prickly pear 
(Opuntia bigelovii) displays a differently organized reinforcing 
tissue. This too lies immediately below the surface of the living 
plant-body, and there is no reinforcement at the centre. 

Not only does the plant arrange its reinforcing tissue in the 
most effective way possible, but its traction and bending resist- 
ance is as strong as that of steel wire. Indeed, its elasticity and 
extensibility are even superior. Only thus could a wheat stalk 3 
of an inch in diameter and 5 feet high bear the heavy burden of 
the ear at the end, and bend and rise resiliently in the wind. 

The reinforcement skeletons of the mighty saguaro cacti of 
Arizona, 50 feet or more in height, produce, when the plant has 
died off, an almost grotesque effect. They stand like giants’ shav- 
ing brushes in the monotonous landscape. In them only the 
lowest supporting fibres are cross-connected. Further up they 
stand completely free beside one another in the body of the plant, 
falling apart when it decays in a fashion reminiscent of a spliced 
rope or cable-end. Lianas are almost entirely built up of many 
such single flexible strands, which can change their position rela- 
tive to one another, exactly like the wire or rope cables of our 
technology. 
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But this is not the only way in which lianas have succeeded 
astonishingly well in mastering the technical problems of their 
environment. 


Nothing is more alien to nature — though not to technology —- 
than an obstinate clinging to predetermined schemes. We have 
already seen this in the case of the banana plantain, which inten- 
tionally tears its own leaves as a precaution against violent 
tropical storms. The tougher the living conditions, the more 
ingenious and versatile will be the plant’s adaptation to them. 
Almost always, adaptation is carried so far that the whole out- 
ward form of the plant is stamped by the environment. Plants of 
quite different families, living under the same hostile conditions, 
often look deceptively alike. In desert regions, for instance, the 
spherical shape has shown itself to be the most practical, and is 
especially familiar to us in cacti. But not everything spherical and 
prickly is a cactus. Other plants from quite other families have 
adapted themselves through this useful shape to a killing desert 
or steppe climate. 

On the other hand, cacti need not always look like thorn- 
studded balls or like columns. In his book Wunderwelt Kakteen 
the well-known cactus-hunter Curt Backeberg gives the fol- 
lowing graphic and impressive report from Cuba of how cacti 
can look when the environment seems to require it: 


An extensive sun-drenched bushland stretches away to the horizon. 
Out of it low tree-tops emerge, and isolated thick trunks with massy 
tops. But the boughs look very strange, and they have two different 
kinds of appendage. Long, silver-grey veils of: Tillandsia usneoides, 
Spanish moss, float down from them and wave to and fro in the warm 
ground-wind, while between them hang numberless strings, thin and 
interwoven, sometimes moved as if by invisible hands — a few old- 
established colonies of the epiphytic Rhipsalis cacti, looking as though 
they had fled from increasing ground vegetation to the clear heights of 
the tree-tops.. How multivarious their forms! Here almost thread-like 
strings, there unwieldy, spreadeagled limbs covered with delicat 
down, squared chains, artistically serrated, corrugated and dentate 
runners, and a tangled mosaic of swaying leaves. In blossom time they 
are prettily garlanded or decorated with tiny coloured spots, and later 
bejewelled with white, pink, gold, dark-red and blue-black berries. 
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Cacti like liana-strings hanging from the tops of forest giants 
are widespread in the tropical jungles of Central and South Am- 
erica. Some are found even in Madagascar and in Ceylon. Creep- 
ing and climbing cacti provide an astonishing proof of 
adaptability to a new environment, yet they represent only one 
among hundreds. Climbing plants, creeper plants, plants grow- 
ing high up on other trees, all are numerous in the tropics. They 
all want to escape as quickly as possible from the constant twi- 
light in the undergrowth of a primeval forest. They seek the 
direct road upwards to the light, one that needs no preliminary 
development of substance-consuming stems or support systems 
under unfavourable living conditions. Therefore they climb up 
the supports that are already there. They have developed tech- 
nically perfect organs specifically for this task, and in fact there 
is no single organ that has not played its part in this develop- 
ment. There are clinging roots, climbing boughs and branches, 
creeper leaf-stalks or leaf-extensions, grasping floral axes. We 
find nooses, round turns, adhesive discs with which the plants 
literaliy glue themselves to their bases, movable climbing hooks 
which actively claw the supporting plant and then swell up, re- 
taining clamps and ingenious trap machinery. 

G. Haberlandt, in an account of the Botanical Gardens of 
Buitenzorg, Java (now Bogar), vividly describes the action of the 
Rotang palm: 


If, leaving the footpath, you get into the old liana section you need 
only have taken a few steps when your hat can be torn from your head, 
when hooks fasten on to your clothes, and blood flowing from 
scratches on cheek and hands warns you to take the greatest care. If 
you look around for the trap that has caught you, you will see that the 
stalks of the graceful, pinnate leaves of these Rotang palms are pro- 
vided with flexible and elastic projections 3 to 6 feet long, on which 
are numerous very strong spines, arranged in a half whorl and looking 
like backward-curving barbs. Every leaf thus terminates in a terrible 
whip-lash, which does not easily let go of what it has once gripped. 
The load-bearing capacity of these ‘fishing line’ flagella, which consist 
almost entirely of firm bast tissue, must be colossal. ‘One could hang 
a horse on them,’ my guide said in jest, when I tried to calculate their 
strength. (In several species of Calamus it is prolonged inflorescence 
axes that are transformed into such flagella.) As they are all very 
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flexible, they are very easily slung up on to the boughs of the sup- 
porting trees, and their numerous barbs immediately anchor so firmly 
that no storm could ever detach them. With all its full-grown leaves 
anchored fast in every direction — spines on the lower parts of the leaf 
stalks and even on the leaf sheaths frequently add their grip too — the 
smooth stem goes winding snake-like up through the boughs of the 
trees, crawls over to neighbouring tree-tops, and finally rises with its 
youngest leaves above the summit of the supporting tree. Now it can 
go no farther, as the flagella are whipped around in the empty air. The 
older leaves, however, gradually die off and are discarded. Bereft of its 
anchors, the smooth stem slips down under its own weight until the 
top flagella have once again anchored themselves. The parts of the 
stem that have sunk down, now nearly as thick as an arm, lie about 
the ground at the foot of the supporting tree in great loops and inter- 
twining coils, so that it looks as if leafless runners were crawling about 
looking for other tree-supports. In the Buitenzorg Gardens the longest 
Rotang stem whose coils can be tracked measures 225 feet. In the virgin 
forest these mighty ropes are said to reach a length of 600, even 1,000 
feet. (op. cit., pp. 145-6.) 


The climbing mechanism of many creeping Cucurbitaceae is 
technically perfect and wellnigh unsurpassable. The co-oper- 
ation of specialized searching and gripping organs with a sensor 
and control system represents so brilliant and elegant a solution 
of a difficult problem that our industrial precision mechanisms 
and control engineering can offer nothing nearly as effective. 

The plant’s task is threefold: first it must seek for a suitable 
hold, then it must get a firm grip of it, and finally it must make 
sure that the hold will not be broken by stresses brought about by 
wind or the movements of the supporting: plant. Accomplish- 
ment is likewise in three stages. First, a systematic search is made 
to find a hold. This is carried out by a kind of gripping twine 
that grows perpendicularly, and then bends over to the horizon- 
tal, making circular movements like the hands of a clock. In the 
case of the wax gourd (Benincasa hispida), the searching tendrils 
are only about 6 inches long. But in the tropics there are plants 
with circulating shoots 3 to 6 feet in length. A tendril of this kind 
changes its position from hour to hour, seeking as a hold a plate- 
shaped surface 2 to 4 yards in diameter. Once this is found, it en- 
ters at once on the second stage and begins to twine itself round it. 
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Tendrils of tropical creepers, which are already burdened by 
their own weight, thicken considerably in the area of the support, 
thus making the hold firmer and steadier. In addition, the wax 
gourd ensures that the connection is elastic, to prevent it snap- 
ping under a tensile load. The tendril spirals upwards, turning 
and twisting in the course of its movement. 

But the gourd tendril’s technical accomplishments do not end 
there. This string-like structure has developed an acute sense of 
what affords a firm grip and what does not. Experiments show 
that smooth supports, such as glass rods, are not grasped; they do 
not stimulate the tendril, since it cannot secure a lasting hold on 
them, preferring a support with a rough surface. If it is briefly in 
contact with such a surface, which is then withdrawn, it will 
react spontaneously with a groping curve, but soon unbends and 
tries farther afield. The tremendous technical achievement of 
these tendrils can only be appreciated by an expert in electrical 
control engineering and tracking, who would be the first to admit 
that he could not possibly construct, with so little expenditure, a 
system even approximately as good. 

The wax gourd can do something more: if a tendril finds no 
hold it eventually rolls itself up and atrophies. Having no longer 
anything to do it is dismantled. Tendrils, however, that have got 
a hold are then strengthened, and even produce wood. It is 
almost impossible to detach the older ones, which are tremen- 
dously stable and at the same time highly elastic through their 
sprung connections. 

This impressive example of development in nature is no long- 
range performance, taking ages for its accomplishment: it enacts 
itself before our very eyes within a few days. Tendrils grow, seek 
a hold and, if they do not hit on the right spot, immediately 
atrophy. The plant then gets valuable material back from them. 
It is only when they grip a support that more material is invested 
in them. Nature does not invest in failure. 

The lianas’ adaptation to their way of life is optimal. If I were 
to enter into as much detail over all their ingenious devices 
for survival as I have with the tendrils of the wax gourd, I could 
fill a book with them. At every step one is aware of a sovereign 
mastery over the environment, a mastery achieved through 
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adaptation and flexibility in the face of untoward circumstance. 


When, more than 4,000 years ago, the Neolithic people of 
western Europe settled on the shores of Lake Constance, Lake 
Geneva, the Lake of Zurich and the Lake of Neuchatel, and in 
the peat bogs of the Lombard plain, they were faced with the 
problem of building houses in marshy and sometimes flooded 
ground. How they solved this problem is depicted in old rock 
paintings and, much later, in the writings of the Greek historian 
Herodotus: they built on piles. 

In 1854 the water level of the Swiss lakes fell very low and 
well-preserved piles of the old cultures appeared. Students of 
prehistory now eagerly took up the search for further traces of 
the lake-dwellers. An idea of what these villages were like is pro- 
vided by Professor H. Reinerth’s reconstruction at Uhldingen on 
Lake Constance. 

The fact that the wooden supports of these buildings have 
survived for 4,000 years under water speaks well for the dur- 
ability of this kind of building. But besides their long life, pile 
foundations have two further advantages in marshland and 
regions subject to flooding. They ensure free circulation of air 
under the cabin, and so prevent the decay of the raised part of 
the building for a long time; and they lift it high enough above 
the damp ground or water level to prevent flooding even at high 
water. This type of construction has proved itself, and is still 
widespread today in tropical marsh and flood regions. Modern 
technology also uses it for oil derricks erected on the flat margins 
of the Caribbean. 

Nature has been using this useful building method for many 
millions of years. Stilt roots give the pandanus and the man- 
grove, which grow in swamps and by the sea, the same advan- 
tages as those enjoyed by the lake villages. Technically, however, 
the stilt roots are superior to the artificial forms created by man. 
For while man has to ram his piles laboriously into the ground, 
mangrove stilts set and sink themselves. This is not done by the 
roots of the young plants; it is prepared for by the arrangement 
of blossom and fruit formation in the parent plant. A mangrove 
seed falling at ebb-tide into muddy flats or shallow water would 
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certainly be washed away at the next high tide, for it would not 
be able to find any grip on the earth. Therefore, mangrove trees 
do not drop seeds but, instead, completely developed ramming 
plugs 24 to 40 inches in length and of quite considerable weight. 
Mangroves bring forth their young alive — that is to say, 
they retain their seeds until they have become viable seed- 
lings already possessing all the preconditions of successful an- 
chorage in the periodically flooded swamp. These plugs, about 
an inch thick and as smoothly rounded as if turned by a lathe, 
hang down from many species of mangrove tree, like stout tent 
pegs almost a yard long. At the lower end they are pointed like a 
spear; a little way up from the point they become thicker and 
therefore heavier, so that in falling they remain perpendicular, 
and when striking the mud penetrate deeply into it. 

The young plant has been furnished with food reserves for its 
journey, so that after such a sudden planting it can equally sud- 
denly begin to grow. Within a few hours it has developed side- 
roots and managed to anchor itself so effectively in the space of a 
single ebb-tide that the following high tide cannot dislodge it. 

Later, having grown above the flood-level, it develops its stilts, 
so peculiarly reminiscent of the lake-dwellings, while the main 
root dies off. In many varieties additional supports grow per- 
pendicularly from the branches, lending further stability to the 
whole structure. 

As so often happens in the plant world, these root supports are 
better than similar human structures, for, being part of the plant 
itself, they are more adaptable and more flexible than man-made 
struts and buttresses. In contrast to design, development is not 
something settled once and for all: it is alive, and through con- 
tinuous feedback to the environment remains so. One single big 
breaker would probably damage a typical lake village quite con- 
siderably. But mangroves, which survive with thinner supports, 
can resist even tidal waves because their stilts are yielding. These 
elastic roots often grow horizontally at first out of the trunk, and 
then turn downwards in a wide, sweeping curve. “Thus the trunk 
rests on a wide foundation, 2 to 3 metres high, of elastic struts 
which, as soon as they are struck by a wave, stretch themselves on 
the extension side, and bend lower on the compression side, 
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finally returning to their original curvature.’ (Haberlandt, op. 
cit., pp. 184-5.) 


Heavy constructions covering a relatively small surface area 
have their own statical requirements. They must be either solidly 
built or braced and propped like a trellis till the whole structure 
has attained the necessary stability. The great steel pylons of 
high-tension transmission lines are a case in point. 

For some hundreds of years the same principle applied to 
house construction, in the form of half-timbering. Walls had no 
supporting function: they only sheltered from wind and weather. 
Yet they were still very strong. The last few decades have wit- 
nessed a kind of revival of half-timbering. True, we no longer 
build in wood, and the many diagonal struts have also been dis- 
pensed with. Nor do we still speak of half-timbering, but of steel- 
girder construction.” But the principle is the same: a trellised 
framework ensures the necessary stability, while the walls merely 
exclude cold, rain and wind, and may sometimes be quite thin. 

Modern lattice or girder construction will always be more 
economical than solid building. This is not always immediately 
apparent in the total cost of the edifice. A steel framework is 
often dearer than the conventional brick or even concrete, but in 
. the long term there is considerable economy of material, and that 
is the only thing that counts today, now that we can predict when 
certain raw materials will have given out. 

For thousands of years man has squandered material, and he 
goes on doing so. Everywhere on earth where there is sandy or 
gravelly ground, square miles of forest are felled each year, the 
thin layer of humus removed, and the gravel deposit used as 
building material. But this ruinous exploitation must cease, or 
else our children, though they may well live in relatively cheap 
houses, will be increasingly surrounded by desert and rubbish 
tips that can no longer be afforested since, together with the 
forest, we will have also destroyed the soil and the ground water 
on which vegetation depends. 

For the last 200 million years or more, nature has been build- 
ing with the utmost economy, at a time when there was no hint of 
any lack of raw materials. The boughs, branches and twigs of 
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trees provide a filigree that fills great spaces with the minimum 
expenditure of substance. This seems quite natural to us, for we 
are used to the fact that there are no massive tree-tops. For 
nature, extreme economy is taken for granted. 

Skeleton construction is the answer. Its most striking exemp- 
lars are the mighty Ficus rumphii trees, close relations of the 
popular India-rubber tree (Ficus elastica) of our living-rooms. 
The boughs of these wooden giants always grow back towards the 
centre to meet, penetrate, and mingle with one another. Hence a 
wide-meshed trellis-work is constructed which gives the tree 
tremendous stability and enables it to bear its heavy top. Full- 
grown specimens of the India-rubber tree develop a similar sup- 
porting trellis. Here, however, it is not the boughs but a number 
of closely mingled aerial roots that participate in the skeleton 
construction. 

Other varieties of fig tree skilled in skeleton construction in- 
clude the epiphytes, which germinate and grow on host support 
trees. Up in the heights they soon develop a dense system of 
anchor roots with which they cling to the supporting tree. They 
then send down the trunk of the host a series of roots which 
reach the earth and there establish themselves. From the per- 
pendicular nutritional roots, anchor roots branch out horizon- 
tally, winding themselves around the supports, and in many 
places intertwine closely with one another. Thus a strong trellis- 
work develops that chokes the host tree and kills it. When its 
trunk later rots, the trellis-like root-grid is strong enough to sup- 
port the tree-strangler. The stable trellis frame is very like the 
reinforcement cage of ferro-concrete columns; the only thing 
missing is the in-filling, which in this case is superfluous. 

As we have seen, the skeleton construction method is to be 
found everywhere in the plant world, as well as in those trees 
whose branches intertwine to form a supporting trellis, though 
these are almost entirely confined to the tropics. The fig family 
has been mentioned in the first place because it displays skeleton 
construction on a large scale, comparable to the type we are ac- 
customed to in our own buildings. On a miniature scale, the same 
principle is apparent in every leaf of a dicotyledonous plant. The 
veins of the leaf always form a network which gives the fragile 
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leaf surface exactly the same support and stability which the 
girder construction of modern multi-storey buildings give to the 
thin partitions and outer walls. The fruit of the Chinese lantern 
(Physalis alkekengi) also shows this trellis structure very plainly. 


Strutting, corrugating, reinforcing, pile and skeleton con- 
struction, all of these are methods used in building. As they 
appear predominantly in relatively large edifices, plants, or parts 
of plants, it would be difficult to overlook them. But in the area 
of small — often microscopically small — units the plant works 
with structures that satisfy all the criteria of efficient lightweight 
construction. 

The sandwich is a comparatively modern invention — not the 
article of food, which has been with us for a long time, but the 
layering of building elements to unite light weight with stability. 
Between two thin, stable supporting sheets is placed a thick layer 
of light material, usually rigid foam or honeycomb, stuck or 
welded to the supporting sheets like meat between two pieces of 
bread. Such constructions are characterized by a remarkable 
stability obtained with a minimum outlay of material. 

The same sandwich structure, which in our technology only 
became common with modern synthetic materials and light 
metals, has been from time immemorial the building principle of 
grass plants. In the wall of a grass stem, the space between the 
outer and the inner surface is filled with a wide-meshed, very 
light honeycomb lattice. There could be no more stable structure 
for a sandwich building element of equally light weight. Regular 
hexagonal shapes are best for resisting force from without. The 
bees obviously ‘know’ that too, for they build their honeycomb 
with hexagonal cells. 

In the modern aircraft industry the same principle, pro- 
portionately magnified, is applied to superficially smooth, and at 
the same time tough, light metal walls. At present the aircraft 
designer Heinrich Hertel is rendering great service to this indus- 
try by investigating certain achievements of plants and animals 
with scientific thoroughness, and making them the point of de- 
parture for new kinds of technical development. The results of 
mathematically exact analyses of the hummingbird’s flight, or of 
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the movements of quick-swimming fish, have been transferred by 
Hertel to the closely related problems of helicopter rotor blades, 
for example, or the propulsion of hovercraft. Thus he con-— 
sciously introduces components of plant and animal develop- 
ment into his construction, and more than once has been able to 
show into what blind alleys aircraft construction, especially, has 
been driven by conventional methods. 


Ve 


Sheets of plastic can be reinforced and prevented from tearing 
by incorporating glass fibres. Researchers have investigated 
whether all kinds of fibre matting or netting are equally effective 
as reinforcement, or whether distinctions can be made. If so, 
what is the ideal fibre structure? The answer is surprising: the 
thinner a glass fibre, the stronger it is. Of course this does not 
mean that a thinner fibre is more difficult to tear than a thick one. 
But it does mean that a fibre of only half a given cross-section 
can bear far more than half the load, before it breaks. For the 
reinforcement of plastic therefore, glass fibre matting with as 
many thin, not as few thick, fibres as possible is the best. That is 
one important discovery. Another is that for the best results 
single fibres should be 2,000 times as long as they are thick. If 
longer they give no additional strength to the plastic, and in 
technical production are more difficult to distribute evenly. The 
practical application of these research resuits leads, as far as the 
reinforcement of plastic by glass fibre is concerned, to a quite 
definite, characteristic structure. This is the result, not of a 
design, but of a wise development. 

Plants keep to the path of development. How did they solve 
the problem of strengthening their cell walls and making them 
resistant to strain? The answer is not surprising: the same 
method — development — leads to the same result. The structure 
of vegetable tissue is no different from that of plastic reinforced 
with glass fibres. For human technology this is a demonstration 
of research which is on the right path. 

If a medley of short fibres is not strong enough, industry aban- 
dons the fibre mat for the fibre net. Simple cross-bar netting has 
proved efficient. Nature also uses it in cell-wall tissues subject to 
great strain. 
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Plants are rational. That explains why certain advantageous 
principles of construction recur in the most widely varying fam- 
ilies. In particular, the most economical use of space is often 
found in the arrangement of young plant organs when these are 
developed in considerable numbers. Whether it be leaves on the 
one stalk, scales on the cones of the pines and firs, single blooms 
and later seeds in the great round discs of the sunflower, or even 
the thorny cushions of the cacti, all, without exception, strive 
from the first moment of their existence for optimal exploitation 
of space. Just as wine bottles, piled on their sides on a narrow 
floor-space, will automatically assume a geometrically regular 
arrangement, so, later, the fully developed plant-organs will 
be neatly marshalled beside and behind one another. 

The ever-recurring yet ever-new picture of distribution in 
nature has not been without its effect on man. It has so impressed 
his feeling for form that it will be worth our while to go into this 
matter, even if it is a little outside the subject of this book, which 
is the solution of technical problems by plants and men. 

Consciously or unconsciously, man derives the principles of 
aesthetics from his environment. His artistic sense is developed, 
disciplined and enlivened by everything that meets him in his 
daily round. From time immemorial we have identified the 
healthy and the natural with the beautiful and the harmonious. 
The unnatural, the abnormal, the morbid, is felt to be ugly and 
discordant. Now if the same principle of construction in plants 
recurs over and over again, and in a thousand different forms, it 
is bound to have a lasting effect on our relationship with the 
world around us. 

In 1871 Gustav Theodor Fechner, the scientist and phil- 
osopher, presented 4 series of rectangles to a considerable number 
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of test subjects, and asked them to pick out the one that seemed to 
them the most beautiful. More than a third chose the rectangle 
with sides of 21 to 34 (see Figure 1). This would be a mere 
Statistical experiment were it not for the fact that plants choose 
exactly these proportions for their construction plan. Not cer- 
tainly from any aesthetic feeling, but from pure reasons of ex- 


pediency. 
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Fig. 1 Which ot these rectangles is the must elegantly proportioned ? In 
Fechner’s experiment the second on the right, which happens to have the 
exact proportions of the so-called golden section, was immediately selected 
by over a third of the test subjects. 


The proportion 21 to 34 (0°618034:1) is known to mathe- 
maticians and to artists as the golden section or golden ratio. 
Since the Renaissance, artists have repeatedly and with full 
consciousness designed their work in accordance with the golden 
section, which they could observe everywhere in nature, and 
which had a strange magic for them. Before, this had certainly 
happened unconsciously. They frequently proceeded from 
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approximate values, such as 3:5 (=-.0°600) or 5:8 (= 0°625). 
Nature, their model, is far more accurate. The big sunflower, for 
instance, attains the precise mathematical value of the golden 
section with an error of only four thousandths of one per cent. 

How is it that the golden section manages to express itself in 
nature? Consider the pincushion cactus (Mammillaria lanata). 
Seen from above it has thorn cushions which start from the 
vertex in the middle, and travel outwards in spiral lines. This is 
because new thorn cushions are continually growing out of the 
vertex, and pushing the older ones towards the edge in accord- 
ance with an exact law. Furthermore, there are two groups of 
spirals superimposed on one another, those that travel clockwise, 
and those that travel anti-clockwise from the centre. The latter 
add up to twenty-one, and the former add up to thirty-four 
* exactly the proportion of the sides of the rectangle which 
Fechner’s test subjects picked out as the most beautiful, the 
best aesthetically! Disposition in golden section proportion 
(0°618034:1) is here exact to within about 6-5 hundredths of one 
per cent, for 21:34 = 0°617647. 

The same pincushion cactus looked at from the side reveals 
that the spirals (over a sufficiently small section of the surface) 
become straight lines running obliquely from top left to bottom 
right, and from top right to bottom left. If you draw the grid 
formed by these straight lines direct from the original, you will 
see that the lines are at a more acute angle in one direction than 
in the other; in addition, the inclinations of the lines are so 
arranged that if one counts them from a point O plotted along 
the dotted line, exactly 0-618 lines slanting right fall on one slant- 
ing left. Naturally no fragments of lines are counted. It then 
appears that approximately two lines slanting right fall on three 
lines slanting left (2:3 = 0-666), and about three lines slanting 
right fall on five lines slanting left (5:8 = 0.625), and so on. The 
points of intersection involved recur more exactly on the dotted 
line, the nearer the number 0-618 is approached. 

If the section were wide enough to cover the whole plant, it 
would emerge that 34 lines inclined to the left would fall on 21 
lines inclined to the right, and the last point in the count would 
be exactly on the initial point O. The line grid thus constituted 
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has exactly the same optimal aesthetic effect as the rectangle pro- 
portioned according to the golden section. The lines inclined at 
definite angles and with different slants give lively yet harmoni- 
Ous tension to the image field. Such tension under the same con- 
ditions is.to be found in many works of art by old masters, and 
sometimes also by more recent artists. 

Let us, for example, place such a grid over Titian’s picture, 
Bacchus and Ariadne. All the important vanishing lines of the 
picture follow those of the screen. Titian has even drawn a 
number of less pictorially important forms into the natural field 
of tension by which his picture is built up: the low mountain to 
the right near the church tower on the horizon, the branches of 
the great tree, the edges of the cloud under the constellation of 
stars, the hind-legs and belly-line of the leopard, the axis of the 
overturned bars in the foreground to the left, and the lifted right 
hand of the satyr crowned with vine-leaves to the extreme right 
of the picture, not to mention the swinging horse’s hoof. 

Anyone who thinks all that is mere chance, or that Titian’s 
picture is an exception, is advised to trace the grid on transparent 
paper and place it on the plates of some art publication. The 
number of times that the composition obeys the golden section 
dynamics (sometimes also by exact mirror-image) will be remark- 
able. Statues like Michelangelo’s Libyan Sibyl, pictures like Tin- 
toretto’s Adoration of the Magi, Parmigianino’s Madonna of the 
Long Neck, Tiepolo’s Asia on the staircase of the Residenz in 
Wiurzburg, Poussin’s Bacchanalian Revel before a Term of Pan, 
Brouwer’s In the Tavern or Watteau’s Love Duet (mirror-image) 
are only a few instances. 

Artists have always copied, consciously or unconsciously, the 
model that taught them aesthetics, nature. The simple and 
effective geometrical solution of natural growth processes has 
always fascinated them. 


One example of the mathematical exactitude with which 
plants use surfaces and space has already been given. In no way 
inferior is the astounding geometrical precision of plant forms, 
their ‘superfinish’, as the technician would call it. 

Of the two different ‘thorns’, in the photographs (Plates 4 and 
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5) one is man-made and one is natural. Both are so tiny that they 
can only be detected under the microscope, and both are 
magnified about equally in the illustrations — approximately fifty 
times. The first shows the point of a very fine precision sewing 
needle of the highest grade. It does not taper off regularly, as 
would appear to the naked eye, but becomes sharper towards the 
top in a somewhat coarse and asymmetrical fashion, with the 
point curved out like a nose (see Plate 4). 

In contrast, the thorn in the second is technically perfect: it 
tapers to a point with the utmost regularity and is neatly rounded 
off. Here we have the topmost point of a fine cactus thorn several 
centimetres long (see Plate 5). The precision of its form in the 
most microscopic detail challenges that of a record-player 
sapphire needle. Technically the plant needle would be far more 
difficult to produce because it is barely half as thick as the crystal 
pick-up. Indeed, records have been played with cactus thorns, as 
an experiment. The tone has been superb. 

But how is this relevant to the theme of this book? It is the 
basic material with which the plant solves its problems that must 
be borne in mind. Consider what an unbelievable multiplicity of 
forms plants have evolved — large and small, some roughly 
thrown together like the loops of lianas, others minutely formed 
down to the most microscopic detail. And all out of the one basic 
material, the living cell. Whereas we use iron and steel, glass, 
cement, asbestos, paper, cardboard, polyester, glass fibres, wire 
and rope, wood, sand and gravel, synthetic foam, light metals, 
and the sapphire for precision microstructures, the plant has 
nothing but cell material at its disposal. It solves all its technical 
and ecological problems, often very similar to our own, as well as 
or better than we do, with this material alone. 

The young cells of the most varied plant tissue are as like one 
another as two peas. It is only during growth that they become 
differentiated. They change, and change again, until they are 
exactly adapted to the function they are to undertake. Optimal 
collaboration is afforded by the single cells. Co-operation and 
division of labour, in human thinking too often mutually exclu- 
sive, are so developed as to give the best possible adaptation to the 
environment in which the plant has to live. 
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Perhaps it is precisely the absence of different kinds of material 
that compels the plant to use what it has rationally, to pursue 
development till the best possible solution has been reached in 
every case, and never to neglect the necessary feedback to the 
environment. And perhaps this too may be our own best policy 
for the future: to cut out our extravagance as the number of our 
raw materials diminishes. 
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And God blessed them, and God said, Be fruitful and 
multiply, and replenish the earth, and subdue it. 
Genesis, 1, 28 


A good two thirds of our planet’s surface consists of water. 
‘Subdue the earth’ also means, therefore, ‘subdue the water’. Man 
has done it in the human way, the plant has done it in the plant’s 
way. Man has succeeded in poliuting and deoxygenating brooks, 
rivers and even oceans on such a scale as to threaten life itself. 
Distinguished American scientists have calculated that by the 
year 1990, if filth and poison continue to pour into the seas of the 
world day and night, they will be biologically dead. By 1990 
there will be no more fish in the sea. The algae, chief providers of 
atmospheric oxygen, will have died off, and terrestrial plants will 
not be able to supply the demand for oxygen. That is the human 
way of ‘subduing’ the water. 

Plants, on the other hand, have learned how to inhabit the 
waters, how to purify them and to provide them with oxygen. In 
order to subdue the environment, man destroys it; with the same 
end in view as man, plants tend and maintain it. 

Now it would be unreasonable to reproach man with not 
having made a living environment in the water. He is not a 
water-plant, nor a fish, and technological possibilities have their 
limits, although it is quite possible that terrestrial overcrowding 
may compel future generations to learn how to live and work 
under, or at least on, the water. 

But these are Utopian considerations. Here I wish merely to 
compare the comparable. Let us consider the use of the water 
surface. Man has been able to move on water ever since the 
primitive dugouts of Stone Age times. But at what a cost! Today, 
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insurance statistics show that between 300,000 and 500,000 gross 
tons of registered shipping are lost every year, counting only 
ships of 500 tons or more. 

Plants, too, can navigate brooks, rivers, seas and oceans, but 
with infinitely more safety. Their boats are practically un- 
sinkable; they survive collisions with drifting objects; and they 
withstand breakers and cliffs. 

In the first place, plants are in possession of all the floating 
techniques known to man: the principle of the boat, i.e. of the 
hollow float open at the top; the principle of the pontoon, i.e. of 
the hollow, completely enclosed float; the principle of the raft, 
which is not kept above water by large, interconnected hollow 
spaces, but by material which is itself lighter than water or 
which, like foam plastic, contains a mass of very small air spaces. 

The leaves of the royal water-lily, described on p. 37, provide 
an outstanding example of the boat principle. True, they would 
also float as rafts (the young leaves of this plant actually make 
exclusive use of the raft principle), for they are themselves lighter 
than water. But their huge rim makes them excellent ‘boats’; 
whose ingenious construction ensures their capacity to carry 
quite heavy loads. One of these leaves can carry a girl weighing 
90 Ib. without sinking or letting in water. The great leaf, some 3 
square yards in area, just floats about an inch lower in the water. 
In normal circumstances therefore a Victoria amazonica leaf can 
never drown. 

The precautions taken by one of the best botanic marine floats 
strike one as similarly overdone, going well beyond the usual 
fivefold safety factor of human technology. This is the fruit of 
the coconut, ideally equipped for transport by ocean currents 
over bays and gulfs, from island to island, even across oceans, to 
win new terrain for this extraordinarily travel-minded shore- 
growing palm. The coconut floats in two ways, like a raft and like 
a pontoon. The familiar hard shell is encased in a thick sheath of 
tough fibre, elastic yet loose, and so light that it alone would keep 
the coconut afloat. On the outside, a smooth shell protects this 
sheath from damage. If this shell is destroyed in the surf or 
through rubbing against sand or rock, the coconut fibres (much 
in demand as carpeting material, because of their unusually 
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hard-wearing qualities) protect the inner covering from abrasion. 
But should the fibres eventually be destroyed by a long sea voyage 
- coconuts often float for several months — the hard inner shell 
will always protect the central cavity, with its embryo, from 
being penetrated by water. The nut (which from the biological 
point of view is not a nut, but a stone-fruit) floats on as a pon- 
toon. Thus the problem is solved of protecting the fleshy seed 
from every possible damage during its voyage towards distant 
shores, where it can germinate. 

But this is by no means the sum of the measures taken for 
effective colonization overseas. When the coconut lands, it will 
certainly find no ready-made ‘nest’ in the shape of damp, fertile 
ground, for the chances are that it will be dumped by the break- 
ers in some sandy, salty lagoon. But it carries its own food store — 
nourishing fruit pulp with rich fatty oils and much albumen, in 
sufficient quantity for the young seedling. Even a supply of fresh 
water, indispensable for germination and the first stage of 
growth, is not wanting: hence coconut milk. 

Floating seeds and fruits like the coconut are to be found in’ 
plenty among shore plants. Although of fair size, they are all very 
light, as they have to be for dissemination by ocean currents. But 
on inland waters, as well, there is a great deal of plant navigation. 
Here water-lily seeds, especially, equipped with air-bladders, are 
carried by waves and currents to distant river-banks or lakesides. 

On the whole, plants are passive when travelling by water. By 
availing themselves of the currents they can cover great distances 
without expenditure of energy. But there are active swimmers 
among them, moving quite purposefully through the water. The 
kind of propulsion that they use, far superior to any technical 
system hitherto in use on water-craft, is not unlike the stroke of 
a fish’s tail-fins. Bacteria, the unicellular flagellates and the re- 
production cells of many algae, fungi, mosses, ferns and other 
plants, move along actively in this way. Most of them are pro- 
pelled by the highly complicated rowing movements of small 
flagella. Such propulsion is, like that of the fins of fish or the 
wings of birds, fascinating to any design engineer: the propulsive 
organ, whether it be flagellum, fin or wing, adapts its posture in 
every single phase of movement with the utmost precision to the 
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Fig. 2 Adapting their double flagellum stroke exactly to the movement of 
the current, microscopic plant entities like the Monas (pictured here) achieve 
an efficiency level far superior to that of human technology. (a and c) Two 


different ways of retracting the flagellum; (b and d, e) two different types 
of forward stroke. 
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prevailing currents. No technical system can even come near to 
doing this (see Figure 2). 

The blades of a ship or aircraft propeller, in spite of their 
variable pitch, are a first, and extremely poor, attempt at flexible 
propulsion. Professor Hertel, who has systematically taken 
nature as his model in aircraft design, has been experimenting for 
some years at Berlin Technological University with ‘hover’ pro- 
pulsion in ships — a very crude imitation of the fin or flagellum 
stroke. He described the first results as surprisingly good. The 
efficiency of the still very rigid construction he rates at from 50 to 
60 per cent. The mechanism behind the flagellum stroke, how- 
ever, is incomparably better adapted to the movements of cur- 
rents, and probably attains values in the region of 100 per cent. It 
therefore uses, almost without waste, the propulsive energy at its 
disposal for the end in view — an unattainable dream even today 
in many areas of technology. 


If necessity is the mother of invention, war is its father. It may 
be an exaggeration to say that only systematic preparation for 
destruction and genocide leads science and technology to great 
attainments, but the assertion is not entirely false. It was the 
desire to destroy that led to the invention of the catapult, which 
today peacefully launches the sporting glider; from warfare came 
rocket technique, which tomorrow perhaps will dominate the 
inter-continental transport system. It was military necessity that 
showed the way to the peaceful use of nuclear energy. True, the 
path of development pursued in this fashion is circuitous, ex- 
pensive and dangerous. But to those who say that techniques 
which today are used peacefully would never have been de- 
veloped without a previous military need, the answer is that this 
is because of man’s inability to recognize the problems of every- 
day life, and to find constructive and flexible solutions. Plants, 
too, are experts in ballistics, although they make no war with 
bombs; plants, too, have developed slings, catapults, even 
airguns, and other explosive mechanisms, although they attack 
no one with them. They have achieved something which seems 
impossible for man: they have learned to shoot without needing 
war to father their invention. 
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Let us examine just three of the many truly ingenious shooting 
techniques of plants. One of the most interesting, because it is 
quite comparable to our airgun, is the method adopted by the 
seed capsules of many kinds of sphagnum moss for the dissemi- 
nation of their spores. The capsules when almost ripe are twice as 
big as a pinhead, round as a bullet, and hollow. In the last stage 
of ripening they dry up and contract to about a quarter of their 
size. The original bullet shape disappears, and they become more 
like tiny gun-barrels, the tops of which are closed by a lid which 
can be blown off. Since the air trapped inside cannot escape, it is 
subjected to a pressure of 4 atmospheres as the capsule contracts 
— more than double the pressure in a motor-car tyre. Directly 
behind the lid, like a load of shot, lies a ‘cartridge’ of spores of 
the moss-plant. Towards the end of the shrinking process the lid 
suddenly bursts open, the compressed air is instantaneously 
freed, exactly as with an airgun, and the load of spores is fired. 
The report is heard quite clearly, and one can observe the recoil 
movement of the capsule. The tiny projectiles are shot up into 
the air, sometimes as high as 15 inches, and if the capsule is 
slightly angled, over 2 yards away. For a gun of only 2 mm bore, 
that is no mean achievement.:- Incidentally, it is not the range of 
the shot that matters, but its height, for the spores must be shot 
beyond the area of ground growth. The wind then looks after 
their dissemination. Therefore the little guns always have their 
muzzles pointed upwards, and shoot their charge vertically into 
the air. 

The squirting cucumber of Mediterranean regions cannot 
depend on the wind to carry its shot further, for it does not shoot 
spores as light as dust, but seed-grains bigger and heavier than 
the entire gun of the moss-plant. Therefore, it does not shoot 
vertically, but at the best average angle for a long shot — 50° to 
55°. Physicists may disagree, claiming that the best angle for the 
longest possible shot is 45°, and this is mathematically correct, 
but the cucumber must take into account leaves that will be in the 
way of the little bullets if they fly too low. At an angle of over 50° 
the shot will tend to pass straight over such obstacles. 

As the name indicates, the squirting cucumber works like a 
spray gun. The fruit resembles a longish plum in shape and size, 
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and is enclosed in a firm, thorny skin. At maturity it detaches 
itself from the stem, and at the point where it breaks off an 
opening appears, through which a mixture of fruit juice and seed 
is almost instantaneously sprayed. This occurs because the con- 
tents of the berry are under about 6 atmospheres’ pressure, and 
while it is being emptied its walls exert additional pressure (see 


Figure 3). 


Fig. 3 A range of over twelve yards and a ‘muzzle velocity of some 10 
yards per second, are attained by the Mediterranean squirting cucumber 
(Ecbellium elaterium) when the ripened fruit separates from the stem and 
ejects the seeds, : 


A plant of the pumpkin family (Cyclanthera explodens) oper- 
ates quite differently. Its fruit, which is about an inch wide, 
consists of two mussel-like shells clamped together and holding 
between them a curved, flexible lever. This lever grows from the 
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plant at one end and, with its other end inside the two shells, 
loosely holds the seed to be shot out. Erectile tissue keeps the 
entire formation at great tension. Pressures of 14 to 16 atmos- 
pheres have been measured in these tissues, almost ten times that 
of a motor tyre. At the slightest touch or jolt the ‘mussel’ springs 
open, and the lever snaps out like a sling, shooting the seeds a 
distance of up to 3 yards. 

Other plants work quite as successfully (for instance many 
varieties of Dorstenia) but at much lower pressures. They shoot 
their seeds out exactly as children shoot cherry-stones, squeezing 
them between two fingers till they spring out. The range of this 
- compression artillery is from about 5 to 7 yards. 


The dandelion’s airborne seeds with their familiar parachutes 
are extremely light and specially constructed for transport by 
wind. When dryness, warmth and air currents combine to ensure 
that no mere brief gust is to be expected, but a fair and equable 
anabatic wind, only then do the flying seeds let go and venture on 
a trip. For this purpose the plant takes regular readings of rela- 
tive air humidity, temperature and wind. This is why many trees 
scatter their pollen and their airborne seeds more particularly in 
the early afternoon, when there is much anabatic wind. The dis- 
tance covered by the ‘paratroops’ is then greatest. 

The similarity of dandelion seeds to parachutes is no accident. 
Such structures are able to be carried a long way by the wind 
and, on landing, the superstructure ensures that the seed, hanging 
under its umbrella, is deposited vertically, in the position most 
favourable to germination. Because of its elongated shape and the 
little barbed hooks at its upper end, the seed remains mostly in a 
vertical position in crevices on the ground, or in thick, low 
ground vegetation. 

Parachute seeds like the dandelion’s are to be found in various 
plants, and even in widely different botanical families. Here we 
have proof that a certain structure did not develop from the 
inner plan of a certain species or genus but that, irrespective of 
their family, the most diverse plants solved the same problem in 
the same way. Nor do seeds alone fly through the air on para- 
chutes; so, frequently, do fruits. Thus two aeronautically similar 
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structures must have originated anatomically in entirely different 
ways. 

Parachuting is very far from being the whole of aviation. One 
can also rise in the air by balloon, aeroplane or helicopter. Man 
uses all these techniques. Is he then superior to the plant? No, for 
the plant uses the same techniques, and has even served as a 
model for human designers. Plants, moreover, have successfully 
experimented with some eccentric methods which are still 
beyond the bounds of aircraft technology. 

Probably the most interesting example of plant aeronautics is 
the winged seed of a tropical variety of liana (Zanonia macro- 
carpa, see Plate 6), which grows high up in the boughs of its sup- 
porting tree, and is notable for its garlands of beautiful, shining 
green foilage. Professor Haberlandt has described these strange 
fliers in almost lyrical terms: 


Among them one sees the brown fruits hanging like great bells on 
high; if one waits till a gust of wind sets them in motion, suddenly it 
will seem as though a whole company of great gleaming satiny 
butterflies came whirring out of them. The big gourd-like fruit — its 
diameter is from 20 to 24 centimetres — springs open like a capsule 
on the downward-tumed stalk, so that ... a big triangular opening 
originates, at the edges of which the carpels strike inwards. So the 
opened fruit is like a great bell. The numerous winged seeds, stacked on 
top of one another to form a packet, are among the most beautiful and 
perfect things of their kind in existence ... They are easily torn at 
their delicate edges but their size and the lightness of the seed, which 
weighs scarcely a third of a gram, makes them highly efficient flying 
machines. Circling widely, and gracefully rocking to and fro, the seed 
sinks slowly, almost unwillingly, to the earth. It needs only a breath of 
wind to make it rival the butterflies in flight. (op. cit. pp. 140—41.) 


Not only botanists have been impressed by the perfect flight of 
the Zanonia glider. Five years after Professor Haberlandt’s ac- 
count (1893) the aviation pioneers, Ignatius Etrich and his son 
Igo, bought two aircraft — a glider and an ornithopter — which 
had belonged to Otto Lilienthal. From 1891 onwards, Lilienthal 
had made glides several hundred metres long with flying appar- 
atus built by himself, and was the first to do so. In 1896, at the 
age of forty-eight, he had plunged to his death in the hills near 
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Stolln.. His successes were overshadowed by. this tragic mis-~ 
fortune, but they could not be reversed. Two years after his death 
the Etrichs, father and son, textile manufacturers of Bohemia, 
decided to continue Lilienthal’s work. Understandably, in view 
of the Lilienthal crash, they tried to make their models as safe as 
possible, but even so their very first glider crashed on its maiden 
flight in 1899. The two engineers refused to be discouraged, but 
they had learned from their mishap the necessity of researching 
aeronautically safe prototypes and studying them thoroughly. 
No such prototypes existed in technology. For years, therefore, 
Igo studied the anatomy and movements of flying animals, con- 
centrating for a long while on bats because the structure of their 
wing membranes was easily copied. But their plans came to 
nothing because of the impossibility of copying the mobility of 
the bat’s wing and the adaptability of its surface to the flow of air 
along it. So Igo Etrich looked for a rigid glider in nature, as a 
pattern for his models. 

Chance came to his aid. Professor Friedrich Ahlborn of Ham- 
burg had just discovered the incomparable flying qualities dis- 
played by the seed of Zanonia macrocarpa (see Plate 6) and had 
demonstrated the importance of these qualities for the building 
of aircraft in a paper, published in 1897, on “The Stability of Fly- 
ing Machines’. This paper came to Igo’s attention. He and his 
colleague Franz Wels took the next train to Hamburg, where he 
persuaded Ahlborn to give him a model of the seed and some valu- 
able hints as to how the stability could be still further increased. 

The Zanonia ‘aircraft’ is an all-wing glider, that is to say, a 
glider without a tail, and from 1904 to 1909 Etrich built all-wing 
gliders on this model (see Plates 7 and 8). In 1906 Igo Etrich con- 
structed a manned version of the model, and in 1909 he fitted it 
with a 40 h.p. engine. With the manned and motorized all-wing 
type the exact position of the centre of gravity wasasource of diffi- 
culty; it had to be precisely adhered to in the interests of flight 
stability. In the model, the zanonia seed, this is always thecase, but 
the very mobile human disposable load brought problems, Forthis 
reason the next Etrich model possessed a stabilizing tail, copied 
from the pigeon, and in May 1910 took off successfully on the 
first cross-country flight. It was an epoch-making achievement. 
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The winged seed of a tropical liana had set the pattern for a 
crucial human experiment in air travel. 

Plants, it will be seen, make use of parachutes as well as oper- 
ating various types of glider. They also make use of the recoil 
principle in the launching of seeds and spores, just as it is applied 
in rocket technology, though in the case of plants this method is 
of secondary importance and small in scale. Otherwise, the prin- 
ciple would be uneconomical, for in fact plants tend to exploit 
the energy of the wind. 

If this is to be done effectively, as large a workin surface as 
possible must be offered to the force of the wind. This principle 
has been applied by man in the development of both the kite and 
the sailing-ship. It is also most effectively used by plants, whose 
so-called bladders combine the functions of balloon and box-kite. 
A good example of this is provided by the red balloons of the 
Chinese lantern (Physalis alkekengi). The skeleton of this plant 
forms an ideal lightweight construction for a box-kite, while its 
skin, which is taut and shining red in colour, is easily caught and 
tossed about by the wind, once it has been detached from the 
body of the plant. 

Not all bladders are as big as the Chinese lantern. The seed of 
the long-headed poppy, though made not of one single air- 
bubble but of a number of very small cavities, is a superb box-kite 
of the tiniest proportions. With a diameter of only o-7 mm, the 
little seed weighs no more than a tenth of a thousandth of a gram. 
The surface that it offers to the wind is made larger through a 
mesh-like structure in which pockets of air are caught, and this 
has the same effect as an increase in diameter. 

In the case of larger flying bodies which would otherwise sink 
too quickly, nature has other devices. To keep the structure as 
light as possible, material is cut down. Thin skins, stretched over 
the finest of stiffening ribs, are in themselves very effective, but 
their efficiency is often increased by further methods. Like the 
helicopter, certain plants succeed in simulating, and presenting 
to the wind, working surfaces which for the most part do not 
exist. The seed of the Norway maple (Acer platanoides) has a 
surface of about 2 cm. Yet when dry it weighs only about 3 of.a 
gram. The principle of the strutted ‘wing’ makes possible -this 
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advantageous proportion of surface to weight. When the winged 
seed falls from the tree, it begins to rotate quickly through air 
friction caused by its eccentric structure. The wing rotates in a 
spiral path approximately about its own centre of gravity, which 
is in the nut at its base. The motive principle of this rotating 
movement is exactly the same as for the airfoil of.an autogyro, 
and the effect is the same as for a helicopter landing in a glide 
when its fan blades will rotate of themselves from the air current. 
The rotation simulates a complete circular surface which the 
wind can grip and which, instead of the + square inch of the 
maple seed, represents something over 24 square inches — an 
effective tenfold increase of surface attained by the simplest 
means. The rate of fall of such self-rotating seeds is slowed down 
by this artifice to an eighth or less of what it would otherwise be. 
Through this prolonged fall, a moderate side wind barely able to 
move the finest branches of trees will carry rotating seeds more 
than 100 yards from a tree 30 feet high. And eddying winds or 
up-winds, which are even more favourable to wide dissemi- 
nation, will take them far further. Without this ingenious flight 
structure the seeds would fall more or less vertically from the 
tree, the young plants would have to germinate in the shade of ~ 
the parent plant, and would compete with one another for light 
and space. i 

As one would expect in products of plant development, the 
various rotary wings are technically ideal in shape. Their rate of 
descent scarcely surpasses that judged to be optimal in a the- 
oretically calculated wind-wheel, and is only 1-5 times as high as 
that of a hemispherical parachute of the same diameter, and 
therefore with a surface of over 6 square inches. 

Another rotary wing seed, that of the ash tree (Fraxinus excel- 
sior), is not reinforced on one side like that of the maple, but is 
twisted on itself like the blade of an aircraft propeller. If the seed 
of the ash tree, proportionately magnified, is drawn over a cor- 
responding aircraft propeller type, it will be seen that the essen- 
tial technical data completely coincide: the proportion of breadth 
to length is in both cases approximately 1:4°2, i.e. practically 
identical, and the angle of incidence is exactly the same at all 
corresponding points on both blades (see Figure 4). In two 
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Fig. 4 Aerodynamically, the winged seed of the ash (full line) and the pro- 
peller blade of a large commercial aircraft (broken line), superimposed and 
drawn to the same length, are in remarkable agreement. Left, the sections 
of both shown at varying levels. 
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respects, however, the ash seed does differ from the propeller blade: 
the broadest part of the blade surface goes much further out (as 
seen from the centre of rotation) than in the aircraft propeller, 
and the blade of the ash seed from the first third outwards is 
proportionately much thinner than the propeller blade. Both 
these features are definitely to the plant’s advantage. Greater 
breadth of blade in the regions of greater rotating speed means a 
greater working surface for the airstream; and the greater general 
thinness means a considerable economy in weight — always an 
important consideration in the construction of missiles. Why 
then do our aircraft technicians not build to such advantage? 
Because it would mean a loss of stability. 

Two more types of plant ‘aircraft’, may be mentioned here, for 
the sake of completeness. The first is a delicate disc shape rather 
like a flying saucer, with the seed or fruit in the middle of the 
disc; the second is Dryobalanops, the winged seed of which re- 
sembles a shuttlecock. This is not a particularly impressive flyer, 
being intended primarily as a parachute, so that the seed does not 
hit the ground hard, but settles gently and without harm. 


As this is not a specialist botanical textbook, a brief digression 
on a subject of interest to amateur photographers may be in order 
at this point. If you enjoy tricky problems for the camera, try to 
photograph a self-rotating flying seed in descent. Here are a few 
tips. Be sure to use a tripod, and a lens with as wide an angle as 
possible. As backdrop, any dull black surface is suitable, for 
example fine black woollen stuff. Set up the camera in such a way 
that the sharply defined zone (with the stop fully open) is about 8 
inches in front of the black background, and the image field a 
good postcard size. Such focusing is best for judging later 
whether the seed has fallen past at approximately the right point. 
The field should be brightly and evenly illuminated on both sides. 
For this two strong diascopes are useful. Light must not fall on 
the background. To make the falling seed stand out against the 
background, colour it evenly with Chinese ink (as thinly as can 
be, so as not to change the weight). Finally, mark on the ceiling 
of the room the point vertically above the middle of the image 
plane; this is the point from which the seed should be dropped. 
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After these relatively simple preparations you need only have 
patience and a great deal — a very great deal — of film. In my 
experience the result goes something like this: in more than 60 
per cent of the falls the seed does not fly past the lens, but goes its 
own way. In most of the rest the flight path just grazes the edge 
of the image field, or is quite outside the plane of sharp 
definition; or the shortness of the fall from the ceiling does not 
allow a beautiful regular rotation to develop. Or grains of dust 
are also conveyed on the air, leaving ugly white streaks on the 
film. About every hundredth shot is a good one. Which is what 
makes the photographic gamble so fascinating. 


Transport by wind automatically suggests balloons, autogyros, 
parachutes, and all kinds of flying bodies. But wind transport 
need not always be airborne: sand yachting, for example, uses the 
force of the wind for propulsion. Where there are wide stretches 
of sand and enough wind, this has proved to be a popular sport. 
And plants in a similar environment practise the same kind of 
locomotion. For them, however, to be driven by the wind over 
the dunes is no game, but a means of gaining new living space. 

In India, when the vegetation of the dunes on the seashore is 
withered by the powerful easterly monsoon wind, and almost 
every plant is dry and leafless from the long drought, the stiff, 
bluish dune grass (Spinifex squarrosus) sends its ‘offspring’ in 
search of territory. In the course of the year this grass develops 
remarkable fruit as big as a human head, feather-light elastic 
balls of a perfectly spherical shape, containing in their centres a 
fair number of tightly-packed ears. When the monsoon wind 
sweeps over the sand it catches these balls and chases them 
helter-skelter over the dunes. This kind of ‘sand yachting’ 
guarantees the plant ideal dissemination. The seeds are shaken 
out of the balls as they roll, and frequently distribute themselves 
over large areas. 

The same method of dissemination has been developed by 
plants on the steppes of southern Russia and Asia, where the 
natives call these shapes scurrying before the wind ‘steppe 
witches’, 
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In early May 1934 Helmut Rempe, a young biologist working 
on his Doctor’s thesis, arrived on the tiny island of Heligoland in 
the North Sea to look for the pollen of firs, pines, oaks and 
birches. This seems at first sight an odd undertaking, for none of 
these trees were present on Heligoland in 1934, and indeed the 
only ones there at all in May of that year were a single elm and a 
few willows. The nearest point on the mainland was 32 miles 
away, and the nearest island (Scharhérn) 27 miles. But Helmut 
Rempe knew what he was doing. At the north-west tip of the 
island, close to the cliff edge 160 feet above sea level, he hung 
small, vaseline-smeared rolls of paper 14 mm in diameter and 45 
mm long at the top of a six-foot pole, and waited. Every twelve 
hours he changed the rolls, making a total of seven times in all. 
The result was surprising. After the period of three and a half 
days was over, the student counted 955 grains of oak pollen for 
every square cm of trap surface — almost ten grains per square 
mm. This would be quite enough to pollinate an oak tree of 
female blooms on Heligoland. ; 

Where did the pollen come from? The only possible answer is 
that it was blown at least 40 miles over the sea from the mainland. 

Pollen of the other species (pine, fir and birch) reached Heli- 
goland in somewhat smaller quantities in the course of the ex- 
periment, but these also would have sufficed to pollinate trees 
growing there. Rempe sums up as follows in his thesis: 


The following figures will demonstrate that the quantities of pollen 
blown at least 40 miles across the sea from the mainland over the brief 
duration of the experiment were extremely large. Over the full period 
of 84 hours, a total of some 27 million pollen grains would have 
passed through a frame one yard square on Heligoland. The twelve 
daylight hours of 4 May 1934 would alone account for 15 million 
pollen grains. 


Plants, therefore, can carry out extensive cross-country flights. 
A range of even several hundred miles is not uncommon. A 
grain of birch pollen, for instance, carried up by warm air cur- 
rents to a height of 6,000 feet, will sink so slowly by reason of its 
lightness and comparatively large surface area that a Force Three 
wind (at 11 m.p.h. just strong enough to move leaves but not 
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twigs) would carry it 250 miles before it reached the ground. For 
such a long flight the pollen grain would need several days, and 
one cannot count on a steady wind for all that time. But, on the 
other hand, neither up-winds nor violent storms have entered 
into our calculations, and these are responsible for the long-dis- 
tance transport of a considerable quantity of pollen. 

Moreover, in good flying weather clouds of pollen at heights of 
18,000 feet or more — almost the flying height of modern jets — 
are not unconmtmon. The tiny particles are so light that even in 
absolutely still air they would take 66 hours (in the case of the 
birch pollen) to fall to the ground from such a height: On the 
other hand the maple seed, which works on the autogyro prin- 
ciple as described in a previous section, would get down in about 
two hours from 18,000 feet. Compared with this, a parachutist 
descending from a similar height would seem to be plunging 
down: he would reach the ground in 20 minutes. 

The capacity of pollen to float in the air is therefore quite 
extraordinary. This is why the particles are so microscopically 
small. The pollen grain of a fir tree has a diameter of about 0°15 
mm, while that of a horse-chestnut and of most varieties of 
willow are only a tenth of that. The seeds of many varieties of 
orchid, which are likewise carried by the wind, are incredibly 
tiny: half a million together weigh only one gram. But they are 
gigantic in comparison with fungus spores, whose diameter 
measures only about 5/1000 mm. Twenty billion of them are 
needed to make up one gram. Naturally they sink through the air 
far more slowly even than pollen. In a free fall from 18,000 feet 
in absolutely still air they would take not less than 370 hours, or 
exactly half a month, to reach the ground. 

This pollen whirling through the air, these hovering seeds and 
far-travelling fungus spores, are often perceived as nothing more 
than wind-borne dust. Yet what is it that is being so effortlessly 
transported over immense distances in each grain? Nothing less 
than the detailed blueprint, together with the exact growth and 
behaviour programme, for a whole plant, fungus, orchid or tree. 
- Thus billions of information stores, each one more efficient than 
an electronic data bank of the most advanced construction, are 
being invisibly conveyed through the air, often at great heights. 
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In Chapter Ten I shall enter into greater detail on a Rey igor 
that no technology can hope to emulate. 

These data banks are so small, and at the same time are pro- 
duced in such unimaginable quantities, that they can exploit the 
subtle transport conditions constituted by dust-in-the-wind 
flight and make use of so cheap and advantageous a long-dis- 
tance transport. system. Incidentally, as we have seen, the plant 
does not squander material haphazardly through excessive pro- 
duction: flowering trees do not give off their pollen at a constant 
level throughout the day, but prefer the early afternoon hours in 
which they can rely on a favourable up-wind. It has already 
been shown how, in solving a problem, plants will exploit every 
possibility. In the context of dissemination methods this means 
that, as well as travelling by water and air, plants also make use of 
flying and running animals. What could be more convenient for 
the plant than to join an animal which is constantly on the move 
in its flight or its wanderings? 

According to the type of transportation used, the plant may 
travel as a ‘paying passenger’ or as a ‘stowaway’. Aircraft are not 
easy to board unobserved: if you use them, you must pay for the 
journey. On the other hand, you can occasionally travel econ- 
omically on land vehicles, having jumped on unobserved. It is 
much the same with plants: they pay for dissemination by birds, 
but usually travel as ‘stowaways’ with land animals by clinging to 
their coats. The sweet, tasty pulp common to almost all berries 
and stone-fruits attracts birds, and is their ‘pay’ for distributing 
the seed. They eat the juicy fruit, but cannot digest the hard 
stone inside, which they deposit somewhere far away from the 
parent plant. In this way many plants have bridged the gaps 
between islands in the dissemination of their species. 

For many epiphytes — plants that live on other plants, e.g. in 
the branches of trees, without sponging on these plants for food 
or otherwise harming them — seed distribution by the wind and, 
above all, by birds is essential for survival. How else would the 
seeds get into the high branches of the supporting plant? 

The most ingenious way of securing the services of birds has 
been developed by a group of tropical plants. Professor Haber- 
landt has described their manoeuvre in the following words: 
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In the tropics, even more than in temperate regions, birds and other, 
larger animals are recruited for the distribution of seed. Very little is 
known as yet of the diverse adaptations to this end. I will merely draw 
attention here to the seeds of some leguminous plants, which obviously 
imitate the appetizing colours of berries, in order to attract birds. The 
best-known example is the rosary pea (Abrus precatorius). Still more 
striking are the shiny crimson seeds of Adenanthera pavonina, stand- 
ing out boldly against the pod, which rolls up and turns its bright 
yellow inner side outwards. The most magnificent, however, are the 
great seed-pods of Pahudia javanica, about 4 inches long and 24 
inches wide, when the enormous jet-black seeds with their scarlet 
casings are viewed against the gleaming silvery inner skin of the open’ 
pod. A more effective colour contrast could scarcely be imagined. That 
this tactic is designed to attract birds and deceive them into swallowing 
the indigestible seeds, or at least strewing them around, seems all the 
more probable when one considers that none of these seeds fall to the 
ground immediately the pods spring open, but continue to adhere to 
the open flaps. (op. cit., p. 142.) 


Seeds, fruits, and even whole parts of plants frequently travel 
on land animals as ‘stowaways’ without any deceptive 
manoeuvre. They simply cling to their coats as they pass, and are 
brushed off again by the undergrowth, often many miles farther 
on. This kind of travel demands the development of special grip- 
ping devices. The grip must be quick, tight and secure, but at the 
same time quick and easy to detach. 

It is only a few years ago that human technology discovered a 
system of this sort in the Velcro fastener (see Plate 9). Asa reliable 
yet easy-to-open fastening it quickly became popular in the form 
of ‘touch and close’ tape. The pillow-covers which have to be 
changed frequently in modern passenger aircraft are fastened 
with it, department stores particularly recommend it for the easy 
hanging of curtains, the clothing industry often substitutes it for 
the well-tried zip, and the photographic trade uses it in making 
adjustable cases for camera accessories. The catalogue of uses for 
the universal, simple Velcro fastening is almost infinite. I do not 
know whether or not the inventor of this principle, as novel for 
man as it is simple, worked consciously from an age-old model in 
nature. The German manufacturer at least, in the names Klett- 
verschluss (‘bur-fastener’) and Klettband (‘bur-tape’), made un- 
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equivocal reference to the plant which has always practised this, 
the burdock. 

The whole fruit of the burdock is specially constructed for the 
particular task of dissemination by furry animals (see Plate 10). 
When its barbed hooks fasten on a passing animal it detaches it- 
self as a whole quite easily and without damage. But when the bur 
is brushed off the coat of the carrier, the casing splits open. Quite 
often, pieces fall off at intervals, so that the burdock seeds are 
released from their container over the widest possible area, and 
do not later germinate all in the same place. 

‘Stowaways’ employing barbs and gripping mechanisms can be 
counted in their hundreds in the plant kingdom. An interesting 
example is the ‘harpoon’ of the various species of bur marigold 
(genus Bidens). Though their barbs are only a few millimetres in 
length, nobody who has made their acquaintance will easily 
forget these obstinate seeds. It takes a strong brush and a lot of 
energy to get them out of your clothes. Under magnification, the 
top half of one such barb closely resembles the bone harpoon 
heads carved by our paleolithic ancestors for hunting animals. 

In the development of efficient structures, whether Velcro tape 
or harpoon, man is hard put to it to discover any techniques not 
already used by plants. But how many techniques does the plant 
have at its command that man does not yet know or use? Thou- 
sands of years went by before we took over the skills of the bur- 
dock; until recently we were oblivious of its significance, though 
children see and play with it each autumn. How many simple 
and cheap solutions to everyday problems may still be lying un- 
recognized before our very eyes? 

Seeds and fruits are not alone in exploiting the transport pos- 
sibilities of animals: sometimes whole plants take to the road with 
them. Desert and steppe plants in particular, which have learnt 
to survive for long periods without moisture, make great use of 
this method. They survive journeys of days or weeks in the coat 
of their carriers because they can do without water. In America 
there are varieties of the Epiphyllum cactus whose individual 
shoots bear crowds of devilish barbed hooks that claw at almost 
anything that passes. Even hard, highly-polished leather is not 
too slippery for them. Especially during long droughts, single 
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stems or whole groups of stems detach themselves very easily 
from the plant and let themselves be carried off. They may be 

taken somewhere moister where they will have a chance of sur- 
vival. When they are brushed off or simply fall off through jolt- 
ing, these stems quickly take root and continue their growth. The 
‘jumping cholla’, too, a cactus of Mexico, is particularly good at 
travelling as a ‘stowaway’. It actually ‘jumps’ on to passing 
animals that have not quite touched it, possibly through electro- 
static attraction. 


Whether in the coconut crossing the sea, or the grass-balls of 
India racing over the dunes, or the ‘steppe witches’ of southern 
Russia disseminating themselves in similar fashion, there seems 
to be a marked endeavour on the part of plants to gain territory 
for the propagation of the species. That holds good even for the 
long-distance transport of pollen in the wind. In this last case, 
propagation of the species might at first seem out of the question, 
since pollination presupposes that a specimen of the same species 
must already be growing and flowering at the other end. And yet, 
through cross-pollination followed by re-crossing with other, re- 
lated species, a real propagation of the species can take place even 
here. 

What do plants gain by their wanderlust? Does it matter where 
they grow? It might be argued that the place where the parent 
plant blooms and flourishes would provide the best conditions 
for its offspring, while the further the seed, fruit or part of the 
plant travels from the parent, the more difficult it becomes to 
guarantee a favourable environment. As a general principle, that 
is true. But there are two very important reasons for the advance 
into new territories. First, by emigration plant species create col- 
onies where one day they may be able to survive after life in the 
native territory has become impossible. Thus, for example, many 
alpine plant species only survived the great ice ages because 
single plants had migrated in time to warmer valleys or into the 
plains. Nor does there need to be an ice age for catastrophe to 
threaten existence. A gradual rise of the average temperature by 
only $°C, together with a slight increase in precipitation, can 
limit the chances of survival for many plant species. The mighty 
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saguaro cacti of Arizona take in too much water as a result of 
such a moderate change of climate. They suck themselves full, 
then burst and die. 

There is a second, and perhaps even more important reason for 
as vigorous a distribution drive as possible: the avoidance of 
monocultures. If all seeds were to germinate in the vicinity of the 
parent plant, there would simply be more regions in the world 
with a completely uniform flora. There would be no possibility of 
a mixed vegetation growth, which alone leads to natural com- 
munities and is so important for the continued existence of all. 
Monocultures would grow up, and these in the end are not 
viable. Epidemics would transform great stretches of country 
into barren wastes in a very short time, and wind and water 
would carry away the humus layer, thus making new growth 
difficult. Healthy undergrowth would not develop in forest 
monocultures. In periods of drought there would not be a 
sufficient reserve of moisture: whole forests would wither away. 
Storms would flatten whole tracts of woodland, and trees felled : 
by the wind would be a welcome feast for the bark-beetle, which 
would then multiply rapidly and destroy also those neighbouring 
tree populations not affected by the storm. Nature effectively 
avoids all these devastating phenomena through mixed growth. 
The advantages of botanic communities are therefore obvious. 
But man, in his ventures into forestry, has not only failed to note 
these advantages; he has positively ignored them. 

Any thorough history of the island of Madeira is likely to 
include an indictment of its first settlers, who burnt down the 
thick and extensive woods so that now barely a trace remains; 
and in descriptions of the northern Mediterranean lands there 
are frequently references to the irresponsible Italians and Yugo- 
slavs who, centuries ago, denuded their highlands of trees, and 
today, however much they may try, cannot succeed in 
reafforesting them. 

But instead of pontificating on the past, there is today a clear 
need to send out warnings of the havoc being systematically pre- 
pared for the future in all countries of the temperate zones. For 
our forestry is cultivating on the grandest scale what nature 
seeks by every means to avoid: monocultures. The dangers 
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characteristic of such cultures — wind damage, disease, de- 
struction of whole forests by drought — are no longer a mere 
threat: they have long become a reality. On 13 November 1972 
the wind flattened vast expanses of monoculture forest in West 
Germany within a few hours: over an area of 250,000 acres alone, 
40 million trees lay uprooted or broken off on the ground. This 
worked out at about 18 million cubic yards of matchwood. 

In order to clear the enormous quantities of fallen timber as 
quickly as possible, the State summoned lumberjacks and fore- 
sters from the Tyrol and even from Canada to its aid. The great 
risk was in delay: the dying wood might well lead to a bark-beetle 
epidemic, dangerous to the trees still standing. In spite of rapid 
and intensive large-scale operations, commercial timber that had 
been cultivated for decades was turned into firewood by an 
hour’s storm. 

Was this an unforeseeable, unavoidable catastrophe? In an area 
bordering on that of the 1972 damage a storm in 1958 had cuta 
broad swathe in what had been an old stock of firs. What 
measures did those responsible take then? The local authorities 
made a nature trail, took it past the unwanted clearing and put 
up a notice explaining how wind damage was to be avoided by 
planting a mixture of shallow- and deep-rooting trees. Shallow- 
rooting species like the fir, it was explained, were at risk from 
storms; the pine, the spruce, the oak, the lime and the European 
larch were more resistant. But today a newly planted stock of 
trees may be seen growing on the recently damaged area — a new 
fir monoculture! And behind that, as the finishing touch to this 
sad picture, the dumb and broken witnesses of the 1972 storm. 
Will yet another monoculture be cultivated in this desolation, to 
fall a certain victim to a storm in twenty, thirty or forty years? In 
view of the discrepancy between the intelligent message of the 
nature trail notice-board and the pure fir stock behind it, one 
can scarcely hope for anything else: ‘They know not what they 
do, — and they practise not what they preach. 

Monocultures are unhealthy. Nature therefore prevents them 
by every possible means. But we human beings are never tired of 
promoting them. Can we wonder then that we must so often 
lament the consequences of our imprudence? 
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The task of carrying 40 gallons of water up almost 60 feet — to an 
apartment on the sixth floor, for instance - is an undeniably 
strenuous undertaking. And yet it is no more than a full-grown 
birch does on any warm summer’s day. A beech coppice only 100 
yards square contains around 400 trees 75 to 90 feet high. The 
leaves of this little wood evaporate an average of 20 tons of water 
in a single day — equivalent to the capacity of a large tanker 
truck. Before this water evaporates it is lifted an average of 60 
feet through the trunks, branches and twigs. Anyone who thinks 
this a trifle would do well to work out how many buckets it 
would mean, to which floor. Quite a considerable achievement. 
The surprising thing is that the plants themselves need supply no 
energy to do this. The appropriate structural measures mean that 
everything happens automatically. The evaporation from the 
surface of the leaves causes a constant compensatory suction of 
water. This suction communicates itself through twigs, branches 
and trunk down into the roots. The force of the suction caused 
by evaporation from the stomata of the leaves is tremendously 
strong. When, on a dry summer’s day, the surrounding atmos- 
phere has a relative humidity of 45 per cent, the evaporation suc- 
tion corresponds to the pull exerted on a rope 3 mm in diameter 
by an eleven-stone man suspended from it: 1,000 atmospheres! 
Thus evaporation literally draws the water from the leaves by 
force, and pulls more water up through the plants to replace it. 
The driving force is, in the final instance, the sun. Plants make 
direct use of its energy for water haulage. Once again we see how 
simply, and at the same time directly, plants use the almost un- 
limited energy that is available. 3 

But are they not in fact wasting energy here? The frictional 
resistance in these finest of all water conduits is so great that only 
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2 per cent or less of the 1,000 atmospheres of suctional pull 
operating at the stomata can still be measured in the roots. But it 
is precisely in this apparent wastage that the plant’s real technical 
feat lies, for only by dividing up the ‘water-pipes’ into a great 
number of microscopic tubes, a few thousandths of a millimetre 
or less in diameter, does it accomplish what no man-made suc- 
tion pump has ever managed: the upward suction of water for 
more than thirty feet. Columns of water pumped higher than this 
in ordinary man-made pipes inevitably collapse from physical 
causes. Without the development of capillaries, the world’s finest 
‘water-pipes’, no tree could grow higher than thirty feet. They 
alone make possible the huge growths of over 300 feet. The high- 
est tree at present in America, a Californian giant sequoia, 
measured 362 feet in 1967. Australian eucalyptus species grow 
even taller. Dr Ferdinand Miller is reported to have found one 
specimen 510 feet high, by the Latrobe river. The lowest 
boughs of this giant were about 300 feet above the ground. When 
Australian lumberjacks, in 1950 or thereabouts, felled a mighty 
kauri pine in the uplands of Queensland, the bare trunk, after the 
crown and all the boughs had been removed, was still over 270 
feet long. It had a circumference of some 20 feet and weighed 24 
tons. 

The botanist Professor Mohr has calculated that, to get water 
to the top of a 450-foot tree, taking into account the force of 
gravity and the frictional resistance in the fine sap ducts, the 
single threads of water in the trunk are exposed to a pull of 35 
atmospheres. The resulting suction in the capillaries is so strong 
that they contract. As innumerable sap ducts run side by side in a 
tree trunk, one might imagine that the trunk as a whole would 
become noticeably thinner in the morning, when the rate of evap- 
oration increases greatly against that of the preceding night. 
Indeed, daily variations have been observed in the diameter of the 
trunks of Californian giant sequoias (Sequoiadendrum gigan- 
teum) and Monterey pines (Pinus radiata). The evaporation is 
greatest, and the tree trunk thinnest, towards 2 p.m.; around 4 
a.m. the opposite is true. 

The fineness of the little ducts naturally means that the sap 
can rise only relatively slowly in the trunks. The rate has been 
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measured as 3 to 6 feet an hour in coniferous trees. It is interesting 
that plants of low stature, which can indulge in the luxury of 
thicker water-pipes, promptly do so. Accordingly, the haulage 
speed of their sap is greater. A stream of between 120 and 150 feet 
an hour was ascertained in leaves of wheat. 

One last figure, to conclude these brief mathematical 
reflections on the theme of water transport: in forest regions, 
through evaporation from the leaves, 60 to 70 per cent of the 
annual rainfall is returned to the atmosphere. Extensive forest 
stands thus make an invaluable contribution to climatic equi- 
librium. Can we really afford to go on recklessly cutting down 
hundreds of thousands of square miles of forest throughout the 
world each year, and building in its place streets, housing estates 
and factories, which in many cases could have been built else- 
where? Can we continue, year after year, to destroy tens of thou- 
sands of square miles of woodland, merely to exploit the thin 
layer of sand and gravel beneath it? In view of the forest’s func- 
tion as a climatic factor, its still more important job of purifying 
the air and enriching it with oxygen, and, not least, its recuper- 
ative value for millions of tired town-dwellers, the answer should 
not be hard to find. 


On an average, 80 per cent of a plant is water. In typical dry- 
region plants the proportion of water is lower, and in water- 
storing plants it can amount to 95 per cent. Water is of the 
highest importance for the plant, as for all living creatures. It 
regulates the firmness of the tissue; it serves as a solvent for the 
nutrient salts that have to be conveyed in the plant; it has a direct 
influence on electrical processes in the plant; it is important for 
all chemical reactions in the organism; and it plays a decisive 
part in the building up of firm, non-watery plant substances. The 
water supply is accordingly one of the central problems of the 
plant’s existence. Aquatic plants are favourably placed in this 
respect. They can absorb the all-important moisture through 
their entire surface. Terrestrial plants get their water as a rule 
from the damp earth through root hairs. The structure of these 
fine hairs, which are particularly active, is eminently practical, 
and can even undergo adaptation in one and the same plant. If, 
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for example, a plant cultivated in the soil is transplanted into a 
completely earth-free, watery nutrient solution, the form of the 
roots changes in a very short time. The fine little ramifications of 
the roots are admirably adapted to their task of actively absorbing 
moisture and passing it on into the ducts of the plant. 

How efficient a system really is can best be judged in border 
situations, at the point of transition from the still barely possible 
to the impossible. Necessity is the mother of invention. It should 
not, therefore, be surprising that plants’ most interesting and 
elaborate techniques are to be found where scarcely any water is 
available. 

One type of environment in which water is definitely a scarce 
commodity is in areas where plants come into direct contact with 
neither earth nor water. Most tropical orchids, for example, 
flourish under these conditions, growing high up in the branches 
of jungle trees, to which they simply cling without drawing 
moisture or nutriment from them. There are no roots reaching 
down to the damp earth, and the trunks and leaves of the sup- 
porting trees are often so smooth that all rainwater runs off them 
immediately. Running water therefore is hardly available at all, 
certainly not in sufficient quantity. But the air in the orchids’ 
native forests is moist. Frequent rainfall, and heavy evaporation 
through the leaves of the trees in these high temperatures, create 
a regular hothouse atmosphere. Therefore the moisture essential 
to life is literally in the air, and the orchids appropriate it in the 
ordinary way: they develop roots, which hang freely in space, 
ramify, and often form complete networks. But the roots lack the 
enveloping damp earth that prevents them from drying up, and 
enables them to absorb the moisture. The Plants’ solution is simple 
and effective: they make an artificial ‘earth’ for themselves. The 
aerial roots of orchids are embedded in a thick, loose tissue, 
known as velamen, which is porous and consists of dead cells. 
When dry it can easily be compressed, and looks quite white 
because of the many air-filled cavities. Velamen sucks up the 
slightest damp in the air as greedily as blotting paper. When very 
damp, it becomes quite dark in colour. The roots can easily 
absorb water directly from this sponge and channel it to the 
plant’s water supply system. 
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Quite different in structure, but very similar in function, is the 
action of many tropical milkweeds, which likewise grow in the 
branches of jungle trees. They also protect their roots from 
drying up by ensuring that there is vapour-saturated air in their 
immediate vicinity. But instead of forming a special spongy 
tissue, these plants cover the roots, which lie close to the sup- 
porting tree, with the shade of their leaves. The closer the leaves 
lie to the bark, the damper, naturally, is the air between. A rep- 
resentative of this plant family commonly found in Java (Con- 
chophyllum imbricatum) shows this protective arrangement in a 
highly developed form. The rather thick, fleshy leaves press 
against the bark of the host tree, down which grows the thin stem 
of the plant. Thus under every leaf there is a damp hollow, in 
which a root sprung from the stem grows, and ramifies abun- 
dantly. The coinciding position of the leaves and root clusters is 
therefore no accident. 

The pitcher-plant (Dischidia rafflesiana), another species of 
liana of the same family, and also a native of Java, has further 
developed the principle of the damp root space. Its stems pro- 
duce two kinds of foliage, on the one hand quite normal green 
leaves, on the other pale yellow-green structures modified to 
form strange sacs which look from the outside like longish, flat 
tubers. The inner wall of these is lined with a thick, purplish- 
black coat of wax, with tiny slits through which the pitcher- 
plant’s leaves can evaporate moisture. At exactly the points where 
the leaves appear, roots also sprout. Here is the explanation of 
these peculiar leaf sacs, unique in the vegetable kingdom. The 
entire structure is, in four separate ways, an outstanding appar- 
atus for the utilization and conservation of water resources. First, 
as a result of temperature variations between night and day, 
shadow and sunlight, water is easily condensed on the inner walls 
of the bags and directly absorbed by the roots lying against them. 
This principle of condensation through the alternation of heat 
and cold is exploited by farmers on many dry volcanic islands, 
for example Lanzarote in the Canaries: they cover their fields 
with a layer some 8 inches thick of porous pumice gravel or lava 
ash, which the islanders call jable or chahorra. The cool night 
temperatures cause moisture to condense in the cavities of this 
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material, from which the growing plants profit. Without such a 
protective layer of porous material agriculture would be impos- 
sible in these regions, where sometimes there is no rainfall at all 
for up to three years. 

Secondly, in the interior of the pitcher-plant leaf the relative 
degree of humidity even during a drought is still so high that the 
roots do not wither. Furthermore, the total quantity of water 
given off by evaporation from the tubular leaves is reduced to a 
minimum, for the air inside these bags is always damp and still, 
two conditions that considerably limit transpiration. Finally, 
moisture given off condenses immediately and can once more be 
absorbed by the roots. One is vividly reminded of the water- 
supply systems of many industrial nations, where the water of 
certain rivers is treated again and again, piped back to house- 
holds, and thus drunk as much as five times over. 

But where man treats water by adding chemicals to it, Dis- 
chidia uses a procedure physiologically far less objectionable: dis- 
tillation. There is no better way of recovering used water. In the 
language of the environmentalists, a complete recycling occurs in 
the pitcher-leaves of a tropical liana. 

What the pitcher-leaves can do, we too must learn to do, for 
we are in the process of poisoning all the water of the earth. 
Under the title What the future will bring, the Weltbund zum 
Schutze des Lebens (World League for the Defence of Life), an 
international organization with its headquarters in Luxembourg, 
lately published some alarming forecasts: 


A group of US scientists fed data on the present to a computer, 
then put questions about the future to it. 

In 1977 there will be no river the water of which can be used for 
any purpose whatsoever. 

In 1980 there will be no more natural drinking water. 

In 1990 the seas will be biologically dead through pollution. Yet the 
future depends on oxygen production by the seas, because the con- 
tinental covering of green plants no longer suffices to meet the high 
consumption of oxygen. No life without breathing! The seas of the 
world are a field that needs no cultivation, yet would be capable of 
providing the whole of the human race with valuable albumen. Mean- 
while filth and poison run day and night from all! the rivers of the 
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earth into the seas, and the responsible authorities appear to be in- 
capable of doing anything but acknowledging this fact. 

In 1995 most of the foodstuffs entrusted to us by nature will have 
become uneatable or unprocurable. It will no longer be possible to 
produce sufficient synthetic drinking water. If for a brief space there is 
sufficient, it will only be because the number of human beings has 
- already considerably diminished. 

In the year 2000 life for human beings will no longer be worth 
living. The-world of animals and vegetation will come to an end. In 
landscapes traversed by irreclaimably contaminated rivers, on ground 
made infertile by artificial manures and countless poisons, in an at- 
mosphere which has long lacked sufficient oxygen but contains in its 
place unimaginable quantities of the most noxious gases, no tree, no 
shrub, no flower will be able to thrive, nor any animal exist. 

In the year 2010 the end of the process started by human arrogance, 
short-sightedness, greed and morbid lust for power will be clearly in 
sight. The earth’s atmosphere will have become unbreathable for even 
the few things left alive. 

To sum up: the point reached in the destruction of the environment 
by man has created a veritable war-situation, and a war-situation more 
catastrophic and worid-wide than has ever been seen before. All the 
nations on earth will have to take the necessary measures immediately, 
and, as in wartime, enforce them with all the powers of the state. 


Such is the gloomy forecast of reputable scientists. Immediate 
measures to be taken can, without exception, be summed up in 
one word: recycling. Our drinking water has become as scarce as 
that of the pitcher-plant, so we shall have to use it as rationally as 
does the pitcher-plant. Water must not be treated only when we 
need it again, but immediately on pouring it away as ‘waste’. 
Plants do not give off dirty water, but only purified water 
through evaporation. Only through recycling shall we have 
enough clean water; only thus shall we escape the writing on the 
wall of the computer prognosis. 

Dischidia leaf sacs have an additional, and lesser, function: 
when they hang perpendicularly from the twigs with their open- 
ings upwards, they act as cisterns and food reservoirs, for in this 
position they can catch rainwater and the products of de- 
composed insects which have fallen in and drowned. 

Many American bromeliads colonize areas similar in climate. 
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They are representatives of the pineapple family (Bromeliaceae). 
They too prefer to grow in the branches of tall trees, where they 
are exposed equally to burning sun and drying wind, can often 
expect only very little rainfall, and on the whole must satisfy 
their need for water from moisture in the air and especially from 
the frequent night mists. They have acquired a technique 
different from that of the orchids and milkweeds, since many of 
them do entirely without roots, while others develop roots only as 
gripping devices which often have to anchor and hold a con- 
siderable weight. Most prefer the direct means of absorbing 
water, from the air straight into the leaf. For that, of course, 
some special apparatus is necessary, which the bromeliads 
possess. It consists of tiny scales that suck moisture directly out 
of the air. 

Aechmea chantinii is a bromeliad familiar to many people 
because of its distinctively striped leaves. In fact, the stripes are 
made up of a multitude of round scales in the form of tiny 
funnels, the points of which are sunk deep into the leaf. Their 
edges are not attached to the leaf but simply rest on it, and in 
many cases overlap with one another. The little funnels them- 
selves consist of many single cells, with a diameter of about a 
hundredth of a millimetre. These microscopic structures are the 
smallest suction pumps in the world. They are hollow cells which 
collapse when dry, but whose walls swell considerably and 
become taut as soon as they are moistened. The whole cell then 
distends, and a partial vacuum develops in the interior which 
operates on the surrounding area as active suction. Quickly the 
cell pumps itself full of the available moisture. From there, the 
water passes by osmosis into the more highly concentrated sap in 
the cells of the leaf’s interior. The density of the suction scales is 
frequently so great that a considerable intake of water is possible. 
Indeed, dry scales will immediately absorb whole drops of water. 

Many of the bromeliads that can be seen growing down from 
their host trees like great beards — Tillandsia usneoides, for 
example — are so light in the dry state that they can float. But 
when laid on the water, their scales rapidly pump themselves full 
so that the plants sink. In their natural environment they build 
up such masses of substance from air and moisture alone that 
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they are used locally in great quantities as a packing material, 
under the name of Louisiana moss. 
A quite different system of utilizing moisture from the air has 
been developed by a number of desert and semi-devert plants. In 
_ order to give an idea of how it works, I will briefly describe an 
‘interesting technique that has been increasingly applied over the 
q last few years in progressive paint firms: electrostatic paint appli- 
cation. This makes it posible, using specially constructed spray 
guns, to spray finely atomized paint actually round corners, not 
along some arbitrarily curved course, but in such a way that all 
the particles are attracted directly to the object to be painted, 
whether from the front, the side, or even from behind. The secret 
is that the paint particles in the gun have a strong clectro- 
magnetic charge, and are thus attracted to the object in order to 
discharge themselves. 
E. The manufacturers claim a saving of up to 60 per cent in 
4 paint, which is a considerable technological advance. But for 
_ desert plants there is nothing new here. The situation, slightly 
modified in their case, might be described as follows: if it were 
feasible to guide the fine water particles contained in the atmos- 
phere towards plants by electrostatic means, as it were ‘mag- 
‘fietically’, the utilization of the moisture in the air could be 
greatly increased. In this instance the gain would be far more 
than the industrial saving of 60 per cent, for that estimate is 
based on the paint jet directed at the object before the intro- 
“duction of the improved system, which is not the case with desert 
"plants. Without the use of an electrostatic system, plants have to 
depend on the atmospheric moisture that comes into contact 
with them purely by chance. But they have learned to practise 
| electrostatic “lf-painting’ with the mist content of the air. In 
} contrast to the paint-spraying units, the plants cannot actually 
| give the particles of moisture an electric charge, for thes of 
course are inaccessible. Their solution is to charge themselves. 
_ The horny spines and hairs of cacti and other desert-dwellers col- 
"lect small electric charges from the air, just as an ebonite comb 
does when drawn through the hair. As the comb then attracts 
our hair — often we hear a slight crackling noise and even sxe 
tiny sparks in the dark - so the charged cactus spines attract 
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droplets of water from the air. In addition to this, they even cause 
evaporated water to condense. It has not yet been ascertained, as 
far as I know, how much moisture is gained through this tech- 
nique, but it must be a very considerable amount. In areas such as 
the coastal sand deserts of Chile where there are heavy night 
mists, cacti, which are up to 95 per cent water, can flourish for 
years without rainfall. 


To bring a litre of water at 14°C to the boil, thereby heating it 
through 86°C, you will need about o-1 kWh (kilowatt-hour). 
This is the same amount of energy as a 100-watt electric bulb 
uses when it burns for one hour. Instead of heating a litre of 
water by 86°C you could, with the same energy, heat 86 litres of 
water by 1°C. Conversely, the energy freed when 86 litres of 
water are cooled by 1°C would provide current for a 100-watt 
bulb for an hour, provided that the thermal energy could be 
converted into electricity without loss. But even with some loss, 
the energy gain would be considerable. If, for instance, it were 
possible to cool all the water of Lake Constance by only 1°C, 
about 75 billion kWh of energy would be freed. Even with a poor 
efficiency rate of 50 per cent in the conversion of thermal into 
electrical energy, a cooling of the water of Lake Constance by 
only 4°C spread over a year would still be enough to provide the 
whole of West Germany with electric power. Nor would the 
cooling do any harm to the water. On the contrary, Lake Con- 
stance and almost all the inland waters of all the world’s indus- 
trial states urgently need a lowering of temperature. Overheated 
waste water from industrial plants and power stations has been 
warming them for many years, causing oxygen deficiency and 
the resultant death of huge quantities of fish. Rivers no longer 
purify themselves satisfactorily, and standing waters are be- 
coming covered with algae, and clogged with mud and oil. From 
this point of view alone the cooling of rivers and lakes is an 
urgent necessity, if they are not to become irreclaimable cess- 
pools. Why then do we not combine necessity with utility by 
creating electrical energy from the superfluous heat of our 
waters? Technically, it is certainly possible. 

A successful experiment carried out several years ago by the 
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town of Zurich, which heated public buildings by cooling the 
water of the river Limmat, proves this, and it has also been done’ 
in other countries. Why is this not done on a larger scale? The 
reasons given are unconvincing: one is that the necessary plant is 
expensive in relation to the result. But in the very near future 
every country will have to spend billions on the conservation of 
its water. Another reason given is that the conventional methods 
of producing electricity (including nuclear power stations) are 
technically better developed and therefore more economical, but 
this only means that we have got used to them and are too lazy to 
think out other systems seriously and in time. 

For the same reason, the entire population of the developed 
world suffers today from the poisonous exhaust of cars although, 
had we started developing them early enough, we could now be 
driving cars with chemical motors whose combustion residues 
would be liquid and absolutely innocuous. What is worse, lead- 
ing car manufacturers already have a blueprint for a chemically 
propelled car, but a tacit agreement forbids the building of these 
vehicles because the rapid conversion of the production lines 
would cost too much. Is the price of this economy to be mass 
death by smog? Should we, from similar dangerously superficial 
profit motives, prefer the erection of further power stations and 
nuclear energy installations to the rational exploitation of our 
waters and the cut-back on the injurious overheating of these 
waters, simply because coal, oil and uranium, unlike water-heat, 
can be sold for profit, without considering how long the supplies 
of coal, oil and natural uranium will last? And because power 
plants built according to a well-tried formula are cheaper to in- 
stall and therefore more profitable to sell than thermal pump 
installations, which would at first entail greater development costs? 

Certainly, industrial competition and the laws of the market 
economy would not allow of any capital investment which, 
though it might be valuable in the long term, in the short term 
could lead to the financial ruin of great industries. But the real 
roots of the failure in long-term planning lie much deeper. Man 
is not capable of real long-term thinking and systematic action, 
and never works out fully the possible consequences of his acts, 
Once a solution has been found to a technical problem, he clings 
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to it without considering alternatives until it has led him to a 
dead end, by which time it is rather late to look for the way out. 
Such are the typical consequences of thinking in constructs, un- 
related to the laws of development and of feedback to the 
environment. 

We have seen a few modest attempts to make practical use of 
superfluous water-heat. But how many cheap and well-nigh in- 
exhaustible sources of energy remain quite untapped simply be- 
cause we have failed to develop technical means of exploiting 
them methodically and systematically? What quantities of energy 
could be obtained from the daily variation of temperature be- 
tween day and night? How much hydraulic power could be freed 
for conversion to energy by exploiting the relative variations in 
atmospheric humidity? What unimaginable quantities of energy 
are available in the form of solar radiation? Even the pull of the 
moon could be exploited through tidal power stations. However 
startling it appears, this idea is now decades old, yet so far there 
is no economically viable station of this kind. Meagre be- 
ginnings have been made in the utilization of solar energy, for 
example in the form of solar batteries feeding to the earth the 
wireless communications of space-ships and moon stations. Vari- 
ations in atmospheric humidity and temperature have been ex- 
ploited to a very modest extent for the automatic operation of 
greenhouse ventilation windows (a development for which, 
significantly, we have to thank the botanists among the tech- 
nologists). But the overall picture is one of complete inactivity. 

It is otherwise with the plant: its use of solar energy for the 
production of organic substances from air and water would be 
impossible to excel. All the wood and peat, all the coal and tar, 
oil, natural gas and petrol that man has ever used is nothing but a 
great reservoir in which plants have trapped solar energy. The 
significance of sunlight for plants, and their use of ocean cur- 
rents and wind for propagation purposes, has been discussed. 
Now we may consider how botanic organisms convert variations 
in atmospheric humidity directly into useful energy. 

In the southern regions of North America — New Mexico, 
Texas, and Mexico — there grows a small plant called bird’s-nest 
moss (Selaginella lepidophylla), which because of its interesting 
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reaction to atmospheric moisture is frequently sold at fairs as a 
curiosity. In its native desert regions this plant often has to 
endure droughts that last four years, and it learned long ago to 
distinguish between damp periods favourable to growth and dry 
ones hostile to it. The difference between the two is perceived by 
the plant in the varying degree of humidity. In low atmospheric 
humidity the bird’s nest moss shrinks in on itself. Vital functions 
are almost totally suspended. The chlorophyll moves rapidly into 
the protective interior of the cells, the dry ball takes on a yellow- 
brown colour, and the plant looks dead. The spherical form 
ensures the smallest possible surface area, thus reducing further 
water loss to a minimum. 

When it rains again, after weeks, months or even years, the 
plant begins to unroll within a few minutes, and in little more 
than a quarter of an hour is green once again, and spread open on 
the ground. How does the bird’s nest moss achieve this life-pre- 
serving movement? The dryness against which the plant needs to 
protect itself is used by it in rolling up; the moisture that makes 
normal growth and life possible again also provides the energy 
for unfolding. The principle is simplicity itself: on the upper 
surface of the littie branches are tiny scales which absorb water 
very quickly and easily, swelling considerably in the process. The 
size of the underside, on the other hand, remains unaffected by 
the presence or absence of moisture. Thus the rolling and un- 
rolling process is directly dependent on the degree of humidity 
prevailing at any time. The principle is so reliable that it still 
functions when the plant has long been dead. 

It is not only among mosses that we find such ‘resurrection 
plants’, as they are popularly called. The ‘rose of Jericho’ (An- 
astatica hierochuntica), which grows in many areas from Iran to 
Morocco, behaves very similarly to the bird’s-nest moss. As a 
mustard plant it belongs biologically to an entirely different 
family — even to another order — and its home is in another part 
of the earth, and yet the same environmental problems have 
caused it to discover the same solution. 

This principle of hydraulically induced movement has proved 
to be the solution to a whole series of other problems, and many 
seeds and fruits are equipped with a ‘hydraulic motor’, The fruits 
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of the cornflower, for instance, can escape from the parent plant 
by ‘crawling’ movements. They have a coronet of bristles at one 
end, with short, stiff thorns pointing forwards. In dry weather 
the bristles spread out; in damp weather they close up. In this 
way the fruits are pulled along the ground as the pointed hairs 
dig into the earth. The fruits of the hare’s-foot trefoil (Trifolium 
arvense) creep along in exactly the same way. The fruits (in strict 
botanical terms ‘sham fruits’) of the wild oat (Avena fatua) have 
applied the same principle to develop nothing short of a hopping 
movement. 

It is not only for travelling that seeds and fruits employ move- 
ment through variations in humidity. Both movement and an- 
choring function are interestingly combined by the fruits of the 
old man’s beard (Clematis vitalba) (see Plate 11). As old man’s 
beard is a climbing plant, the ripe fruits are often set on the 
runners high above the ground in the branches of trees. A single 
curved, feathery plume about an inch long enables them, using 
just one technical principle, to perform four operations simul- 
taneously by making use of the moisture in the atmosphere. This 
hydraulic mechanism, which moves the single hairs and the 
whole plume in the same process, operates as follows: 


1. In rainy weather dissemination of the fruit by wind is highly 
improbable, for as we know it grows high above the ground and 
the rain would soon wash it down to the earth. But as it flattens 
its hairs in the rain, there is scarcely any danger that the fruit will 
be caught and blown away by the wind. 


2. In dry sunny weather, which mostly brings favourable up- 
currents, the light seed with its hairs fully open becomes a prac- 
tical flying apparatus. It can now be caught by the wind and 
carried off. 


3. Having landed somewhere on the ground, the fruit begins to 
move, bending and stretching with the variations in atmos- 
pheric humidity (see Plate 12). As its plumed end easily catches 
in the grass or in bumpy ground, the seed end then sweeps to and 
fro, combing the ground for a crack in which it can settle, and 
which will later afford it enough stability and moisture for 
growth. | | 
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4. If the seed end has found a foothold and the feathery end is 
still caught somewhere, the alternating hydraulic movements 
cause the seed to turn on the spot (see Plate 13). Its sharp end 
with the fine barb-bristles is thereby screwed like a drill into the 
ground and firmly secured. 


Thus the feathery plume of the old man’s beard is a unique, 
multi-purpose hydraulic mechanism. 


The key to all hydraulic motion, including that discussed in 
the previous section, is varying hydraulic pressure. In man-made 
machines the necessary pressure is almost always produced by 
compressors or pumps, These can be motorized units, such as 
large hydraulic presses, rivet hammers and power-shovels, or 
manual pumps like the simple hydraulic automobile jack. The 
pressures with which such tools operate vary between 70 and 200 
atmospheres, which corresponds to the pressure of water in the 
ocean at depths of 2,100 to 6,000 feet. 

These high pressures are necessary because hydraulic 
machines, even when relatively small, are required to be ex- 
tremely powerful. They have to operate 100-ton presses, jack up 
cars, or even raise whole ships. Reliable control of machines, too, 
or of movable parts, is often achieved hydraulically. Cylinders, 
high-capacity motors and the flaps of large aircraft belong in this 
category. Here again the operating pressures go up to 200 
atmospheres. 

The problems of movement and steering in the plant organism 
demand very little power in comparison. But they are likewise 
solved hydraulically, though mostly at much lower pressures. Yet 
here too we occasionally come upon coefficients equivalent to 
those of technology. Cell pressure in sugar-beets rises to more 
than 50 atmospheres, and pressures of 200 atmospheres and more 
have been measured in many desert plants. 

Autonomous plant movements, then, are hydraulically con- 
trolled. But does not the production of the necessary hydrostatic 
pressure presuppose some autonomous pumping movement? In 
human technology, engineers produce high pressure through 
compression. Any movable part, for example a piston, com- 
presses the fluid. Such a procedure, using a great deal of energy 
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and necessitating specialized, complicated crest would be 
too uneconomical for plants, which use instead a method struc- 
turally simpler and much more effective in terms of energy con- 
sumption. They employ osmosis. ‘This method of generating 
_ pressure exploits the natural tendency of salts to attract water in 
which to dissolve, thereby diluting the solution as much as pos- 
i, ae sible. When a dessertspoonful of cooking salt, soda, sugar or the 
like, is put into a pan of water, the dissolving crystals at first 
form a highly concentrated solution, which is then gradually 
dissipated in the surrounding water until the same concentration 
is reached throughout the vessel. If the salt is put, not directly 
_ into the water, but into a filter bag hanging in the water, three 
things can occur according to the type of filter. It may be of such 
a fine material that the water molecules cannot pass through, and 
then of course nothing happens. Again, the filter pores may be 
large enough to allow the water molecules to pass through and 
_ dissolve the salt inside. And if the pores are also big enough for 
_ the dissolved salt particles to pass through them, then we have 
a _ the same effect as if the filter were not there. After a while the salt 
solution will have the same strength throughout the pan. A third 
possibility is to use a filter bag which allows the water to pass in 
but not the dissolved salt particles to pass out. Chemists and 
molecular physicists call such filters ‘semi-permeable’. The con- 
centrated salt solution that forms within such a semi-permeable 
filter bag endeavours to dilute itself and to attract more and more 
water for that purpose. And so more and more water presses into 
the bag from without, while none of the solution comes out. In 
this way the bag fills and swells. Inside it pressure builds up, the 
_ intensity of which depends on the amount of salt. Quite con- 
_ siderable pressures can be generated in this fashion. 
Plant cells are just such little bags filled with salts in solution 
and surrounded by a semi-permeable membrane. If they get into 
water, they suck it through their walls, because the salt solution 
within them aspires to dilute itself further. If a dried-up soft 
sugar-beet is put into water, it will very quickly become ex- 
tremely hard. But if a plant bursting with sap is put, not into 
pure water, but into a salt solution more concentrated than the 
liquid in the cells, exactly the opposite occurs. The sap Passes out 
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1 Aningenious form of rib construction on the underside ensures the 
stability of the great Victoria amazonica leaf a 


> The leaves of the Chinese fan palm, Livistona chinensis, shown here, do not 
lose any stability if they go in at the edge at every second fold. This partial 
cutting away of the leaf, which in no way detracts from its biological 
functions, is a natural feature, and in many species the leaf will automatically 


lose some of its substance like this as it grows 


built the Crystal 


Sir Joseph Paxton, 


3. Thearchitect and former gardener, 


lily leaf 


Palace exactly on the model of the tropical water 


4 Thehighly magnified point of the precision sewing needle shown here is 
only 2 mm long. Under the microscope one sees how unevenly the minute 
tip has been fashioned. Such curved points are very often to be found 


5 Here, at the same magnification as the sewing needle, we see the extremely 
precise formation of the point of a cactus spine (Soehrensia) 


6 Perhaps the most sensational of all plant aircraft, the seed of the 

Zanonia macrocarpa has two curved wings 5 cm broad and 7-8 cm long, 

giving a total wing span of 14-16 cm. The tissue of the wings is transparent and 
gleaming, with a texture as elastic as sheet mica 
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7 The flying pioneers, Etrich and Wels, made use of the Zanonia seed at the 
beginning of this century as a design model for their tailless gliders 


8 Etrich and Wels’ first Zanonia flying model (1904) had a wing span 

of 6 metres and could carry a service load of 25 kg. The second was bigger, 
with a wing span of 10 metres, and could carry a disposable load of 70 kg, but 
like its predecessor was pilotless. It could glide for about 900 metres 
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9 The Velcro fastener: into a woven tape are worked a number of small 
plastic hooks which, on contact with a corresponding velvety tape, catch in 
the pile and stick firmly ; a sharp tug, however, will easily detach them 


undamaged 


10 6‘The fruit of the burdock, seen at the same magnification as in the 
previous photograph, shows a very similar structure. The shafts of the hooks 
are much longer because the animal’s coat is stronger and coarser than the 
material used for the man-made Velcro tape. As for the retaining hooks 
themselves — are they not a great deal neater and more precise, and thereby 
better suited to their purpose, than the human product ? 


11 The seed of old man’s beard reacts markedly to varying atmospheric 
humidity. Here, the same fruit has been photographed four times on the 
same piece of film at intervals of a few minutes. In the position furthest to 
the right, it is still dripping wet, and the hairs are plastered against the stem 
of the plume. As it starts drying, the hairs soon begin to spread out and the 
curve of the plume contracts. The position furthest to the left corresponds 
to the curve of the plume in very dry weather 


12 Through its hydraulic propulsion the seed can execute clearly defined 
searching movements to find a suitable crevice in the ground where it 
can germinate 


13. The head of the seed is pointed like a gimlet, and barbed: the movements 
of the plume enable it to anchor in any crevice 
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=o by Sash the cell walls i in order to dilute the surrounding liquid, 

7 his process can be observed in the preparation of pickled gher- __ 
kins. A fresh, peeled gherkin quickly loses its firmness in salt 

ater and becomes soft. oe 

us plants produce hydrostatic pressure by means of this 
st - Cell pressure gives stability to plants that do not form 

. If it relaxes, as for instance in cut flowers in a vase, the os 

wers wilt. Cell pressure is also the driving force in autonomous _ = 5 

ant movements. The appropriate joints are there in plenty. — = 

ney work much like hydraulic articulations in man’s tech- ~ 

ology. In the case of, say, a power shovel, the joint is pushed up 

and down like a piston by the changing pressure, and is directly 

onnected to the movable arm. The same kind of thing happens 

a plant’s joint. If the stem of a mimosa leaf has to move down- 

ards, there is a sudden decrease in pressure on the underside of 

58 e joint. On the upper side cell pressure is maintained. The 
downward movement of the stalk is therefore practically 

; i astantaneous. 

| The problem of pressure ra is solved by the plant’s 

bility to change the size of the pores in the semi-permeable 

“Osmosis membrane. If the pores become bigger, the salt solution 

under pressure can get out of the cells, and the pressure falls. 

— Within a few minutes the cell walls recover their usual character 

‘i the movement can be repeated. 

Plant movements may be directly controlled by buted but 

Ph ants can also execute independent movements by changing the 

motic character of the cells walls. The sensitivity of the mimosa 

= Ee ell known. And indeed the pinnate leaves of the sensitive 

x _ plant, _as the mimosa is also called, are averse to any approach. At 

5: feelightest touch the delicate pinnae fold up and fall into an 

E~ __ oblique position, the two halves of the leaf close up, and finally — 

even the leaf-stem sinks. If the irritation is sufficiently great, the 
parts of neighbouring leaves react in inverse order. Much 

has been written and many have been the conjectures on the 

possible significance for the plant of this strange behaviour. 

_ The theories of Professor Haberlandt, who has studied mimosas 

in their native habitat, seem to me to come nearest to the truth, 


He reports: 
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Later I repeatedly observed the sensitive plant as being one of the 
commonest and humblest weeds in Singapore, Java and Ceylon, al- 
though it is a native of Brazil and was imported from there into the 
tropics of the Old World. In greenhouses its growth is as a rule moré 


; upright, but in the open air it creeps along the ground, so that at any 


shock the irritated leaves can for the most part take shelter round the 
stalks, which are armed with thorns. It seems to me that we see her 
the main biological significance of this plant’s striking reactions: it is 
endeavouring to protect itself against grazing animals. Nevertheless ] 
have repeatedly seen the great humped oxen of Singapore devout 
branches of Mimosa pudica, undisturbed by movements of irritation 
and thorn stabs. One can only conclude that, in its original home, the 
plant is generally at risk from smaller, more fastidious animals. 
Furthermore, it is not impossible that the sudden movements of irri- 
tation in the leaves are a means of frightening off harmful insects. 
which at once lose their foothold whenever they attempt to settle on 
the leaves. I cannot remember ever having seen these leaves damaged 
through being eaten by insects. Lastly, there is no doubt that those 
leaves that have assumed the position of irritation are thereby pro- 
tected against damage from extremely heavy tropical downpours. 

The sensitivity of the leaves is naturally greater as a rule in 
mimosas growing in the open air under a tropical sky than in the often 
sickly specimens of our greenhouses. Many a time, when peacefully 
sketching a tree or painting a landscape, I have suddenly seen a dark 
gap appear in the thick growth of the mimosas near me, without any 
visible cause; suddenly some leaves had sunk, and quickly the quiver- 
ing movements spread in an ever wider circle, accompanied by the soft, 
scarcely audible rustle of the leaves brushing against one another. The 


. Movement spreads because, in the interlaced tangle of twigs, each leaf 


that sinks touches and thereby irritates another. Only a very strong 
shock, such as that caused by a wound, communicates itself through 
the stem from leaf to leaf. (op. cit., pp. 36—7.) 


By contrast, the active movement of the stamens of many 
flowers is quite clear in its aim. When an insect flies on to a 
flower to gather nectar, the stamens, lightly touched, close over it 
to unload their pollen, which the forager must then carry on to 
the next flower. 

The Venus fly-trap likewise reacts to a touch with movemen 
of its leaves. But its action is much less innocuous than the me 
unloading of pollen. If an insect settles on one of its leaves 
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within a fraction of a second this leaf, turning on a central hinge, 


snaps shut like a book. Its edges have long, upturned teeth which 
interlock with one another and bar every way of escape. The 


A 
= 


trapped insect is immediately digested by the flesh-eating plant: 
precipitated plant juices decompose it, and the leaf surfaces 
absorb the richly nourishing solution. This plant thus illustrates 
how quickly hydraulic movements can take place in plants when 
necessary. . 

It need not always be a touch that stimulates these self-pro- 
tective, predatory or other reactions in plants. Electrical tension, 
light rays, variations of temperature and humidity, can all be the 
source of an irritation that provokes its own set of movements, 
And all these movements are controlled by cell pressure. The 
alternate play of light and shadow leads to ‘sleep’ movements. 
Temperature and atmospheric humidity control, among other 


things, the opening and closing of snowdrops and crocuses. 
Electrical or thermal stimulation can provoke reactions similar to 


_ those of the mimosa. The stimuli can thus be very varied. The 


principle of movement is one and the same: an extremely rational 
hydraulic propulsion. 


CHAPTER NINE 


Applied Thermodynamics 


Anyone wishing today to protect a building, a caravan, pipes, 
sensitive apparatus or indeed himself from cold or from excessive 
heat, will not find it difficult. Specialist firms offer a wide range 
of insulating materials for every possible use, from asbestos board 
and plastic foam to double-glazed windows and quilted anoraks. 
The range is enormous, and the principles applied apparently 
limitless. On closer inspection, however, all the various materials 
turn out to work along the same lines. 

All insulating devices are based on the low heat conductivity of 
gases, especially of air. The purpose of the material itself is to 
diminish the exchange of heat through flow and radiation by 
dividing up the volume of gas, without increasing conduction to 
any great extent by creating ‘heat bridges’. Insulating materials 
can be porous (cork, diatomaceous earth, foams), fibrous (min- 
eral wools), or layers of air enclosed in foil (e.g. ‘alfol’ insulation). 
These three categories include all known means of thermal in- 
sulation. But there is another method of protection which is 
based, not on insulation, but on reflection. Anyone who has 
travelled in hot countries in the height of summer in a black car 
will know how the coachwork of the car reflects the fierce rays of 
the sun only very weakly. In a white car it could be as much as 
10°C cooler. 

These four groups — porous, fibrous, foliate and reflecting — 
exhaust the variety of thermal protection materials. As we 
have seen, the plant world, in solving its technical problems, 
generally discovers all the possible solutions, and develops each 
to perfection. Let us see whether this is so in the sphere of 
insulation. 

When we consider porous materials, it is immediately obvious 
that man has access to at least one excellent botanical insulator, 
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namely cork. This need not always be as well developed as in the — 
Mediterranean cork-oak which provides the corks for our 
bottles. All trees form sheaths of cork with their bark, but they 
are much thinner than in the cork-oak and cannot be exploited 
industrially. This most important layer of a tree trunk lies be- 
tween the heartwood and the bark, only a few centimetres under 
_ the surface — in young trunks only a few millimetres. That in 
itself explains the protective function, both thermal and mechan- 
ical, of the cork. I have observed that, in the frequent forest fires 
of Mediterranean countries, cork-oaks often survive even this 
great heat more or less unharmed, and produce new growth the 
next year. This they owe entirely to their insulating sheath, 
which is several centimetres thick. For insulating power, cork 
can be ranked with stone wool and glass fibre: burnt dia- 
tomaceous earth, a kind of earth consisting of the shells of 
diatoms which is often used as an insulating material in the 
building trade, is only as effective as cork if applied three times as 
thickly. — 

There are only two kinds of insulating materials that are actu- 
ally better than cork, by about 25 per cent, and these are synthetic 
resin foam, and facing foil, which encases a layer of air. The 
structure of a modern polystyrol resin foam consists of a multi- 
tude of very small air-bubbles, of which the biggest measures 
only one millimetre. The haphazard arrangement and the ex- 
tremely thin walls of the bubbles mean that those ‘bridges’ which 
might conduct heat directly are not a significant factor. 

On the whole, therefore, the foam materials are ideal as heat 
insulators. As far as our technology is concerned, they are a 
relatively recent discovery of this century. Nature has known 
them much longer. A natural foam material protects citrus fruits 
against frost and excessive heat. The cell tissue of these is so 
distended that it breaks up into thin walls, and thus solves the 
problem of heat bridges. 

Materials with closed pores would not be advisable in cases 
where, besides insulation, breathing must be catered for. 
Examples from human technology are wall insulation and warm 
clothing. These are the chief fields of application for fibrous 
materials. Glass fibres, mineral wool, asbestos sheets and textile 
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fibres fall into this category. Plants, too, are familiar with the 
whole range of insulating fibres, from the short-haired but thick 
white felt on the petals of the edelweiss to the wool, four or more 
inches long, in which many mountain cacti wrap themselves; 
from the soft silvery coat of the pussy-willow catkins which often 
appear in the winter, to the crowding together of innumerable 
thin shoots in many cushion plants. Almost always the felt, the 
bristles, the hair and other fibres are in addition white or silvery, 
and thus offer further protection through reflection. 

Finally foil, especially aluminium foil, has a definite role to 
play in the technological fight against heat and cold. Creased up, 
or laid close together in parallel sheets, foil insulates well. Plants 
likewise know the principles of creased and parallel foil, as well 
as a whole series of mixed forms between these two extremes. The 
covering of several thicknesses of scales in which sensitive buds 
wrap themselves might best be compared with the parallel-foil 
insulation, while the dried-up, shrunken epidermis of the ‘living 
stones’ (Conophytum species) is more representative of the creas- 
ing principle. Alpine plants often protect their living shoots with 
a multi-layered wrapper of dead leaf-parts, which the experts 
have aptly, if facetiously, dubbed ‘straw tunics’. 


Anyone who knows the tropics, the desert or the jungle knows 
also how scorching and inimical to life the equatorial sun can be. 
Everything seeks coolness and shade, and yet there is no shade, 
Plants of those regions must create it themselves with a thic 
covering of silvery-white scales, as do the little desert rose 
(various species of Anacampseros) on the glaring gneiss an 
quartz fields of South African desert areas; or with a long whit 
coat of hair, like the ‘living snow’ (Tephrocactus floccosus 
which forms whole compact fields in South American mountai 
deserts; or simply by some appropriate shape. Many cacti hav 
developed deeply ribbed forms which ensure that, when the ligh 
is not directly overhead, the greater part of the plant is in its ow 
shadow. Vertical rays fall only on the tops of the ridges or the to 
of the sphere. 

The spherical form, as compared with European foliag 
represents an excellent adaptation to fierce sunlight, since o 
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half of a globe, like the earth itself, is always in the shade. It is no 
accident that domed buildings are common in the East. 

It is very interesting to see that quite different plant families, 
independently of one another, have solved the same problem in 
exactly the same way, and therefore look very much alike. A 
cactus (Neoraimondia gigantea) of North Peru, for instance, and 
a spurge (Euphorbia canariensis) from the Canary Islands may 
appear almost identical as a result of the same climatic conditions 
and corresponding environmental problems. 

The most sensitive zone of the cactus’s body, the growing 
tissue at the top, would certainly be also the area most exposed to 
the rays of the sun, were it not protected by a whole phalanx of 
shade-giving thorns. Often these are arranged like the spokes of a 
wheel to form dense, effective sunshades, which at the same time 
let in plenty of air. 

If spherical and column-shaped plants, whose form protects 
them from both excessive light and excessive evaporation, are 
at home in the deserts of the tropics, in the equatorial rain 
forests there are plants which, though they can afford the luxury 
of large evaporating surfaces, need just as much protection as 
do the desert dwellers against the intense sunlight of their 
latitudes. The typical vegetation of these regions consists of 
trees. But even externally they differ greatly from the trees of 
our woods. The branch and twig growth of tropical trees strikes a 
European eye as strange and haphazard, often downright ugly. 
The leaves hang down apparently limply, or look as if they had 
been distributed at random over the tree: entire branches are 
almost bare, while at their extremities the leaves grow all together 
in tight bunches. The silvery boughs seen among dark green 
foliage are tortuously twisted or make sudden, right-angled 
turns. The foliage has none of the transparency that goes with 
the mild light of our woods. Tropical leaves are thick, hard, dark 
and almost completely opaque, as though they were made of 
green-painted tin. Their surface is often smooth and waxy, and 
reflects the sun’s rays. Innumerable gleams of light reflecting 
from the foliage glitter all the more brightly against the dark 
background, irritating the eye accustomed to the woods of tem- 
perate regions. Anyone who has tried to photograph a rubber- 
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tree in full sunlight will have some idea of the contrasts in bright- 
ness produced by tropical trees growing wild. 

What causes the striking difference between our home forests 
and those of the tropics? It is the light. The mild light of tem- 
perate latitude must be fully exploited. The leaves lie horizontally 
in order to catch as much of it as they can. They distribute 
themselves over the whole tree so as not to overshadow one 
another. Hence the even, methodical growth of branches and 
twigs. When the direct sunlight becomes too warm, as occasion- 
ally happens, the foliage of our trees protects itself by increased 
evaporation. Evaporation has a cooling effect. Light in the tropics, 
on the other hand, is dazzling and intense. The tropical sun does 
not warm, it heats. Overheating can be avoided only in the shade, 
and the plant must create that for itself. So it is no wonder that 
the leaves crowd close together at the ends of many branches, to 
give shade to one another, nor that the foliage often hangs per- 
pendicularly from the stems so that whole trees, to our eyes, look 
as if they were withered. This position means that the rays of the 
sun touch the leaves only very obliquely. And the smooth, 
gleaming surface reflects as much light and radiated heat as 
possible. 

An admirable example of a plant creating its own shade is the 
traveller’s tree (Ravenala madagascariensis), a native, as the bot- 
anical name indicates, of Madagascar. At the top of a slender 
trunk several yards high, it bears one single enormous fan of 
leaves, symmetrically spread on both sides. The youngest leaves 
are in the middle, pointing vertically upwards, so that the sun’s 
rays meet them only at a very acute angle. The older leaves on 
both sides lean further and further down till at last they are in an 
almost horizontal position. But they are so tightly packed 
together that they still give shade to one another. Writers have 
stated that the giant fan is aligned due east and west, whereby of 
course mutual shading by the leaves would be most complete. 
This orientation is said to have earned the tree the name of 
‘traveller’s tree’. 

But tropical flora cannot win the fight against light and heat 
radiation by appropriate leaf positioning alone. A real problem of 
light and shade arises from the strong shadowing effect of the 
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foliage. In the shadow of the giant jungle trees everything presses 
towards the light, only to protect itself against the light once it 
has been reached. 

Humans also are plagued by the same problem, especially in 
the summer months. Light offices with big plate-glass windows 
are favoured places of work, but anyone who spends eight hours 
in such a place on a hot summer’s day soon appreciates the 
advantages of Venetian blinds in keeping the glaring light away 
from the desk and tempering the heat. But blinds need a lot of | 
attention. In the early morning they are not really needed, so they 
are pulled up. Around 10 o’clock, when the sun first falls on the 
desk, it is enough to let them down half-way with the slats half 
open. An hour later they are let down completely with the slats 
still half open. Between 1 and 2 o’clock the midday sun shines 
full on the office window, so the slats are closed. About 3 o’clock 
the sky may become overcast, with heavy clouds heralding an 
approaching thunderstorm. It is now too dark to work in the 
office, so the Venetian blinds are drawn up again. An hour 
later the sun is once more shining, and the Venetian blinds 
are let down. No wonder the roller-blind industry talks of 
optimal comfort when it offers, as it has done lately, a shad- 
ing device for big office windows controlled automatically by 
sunlight. . 

But expensive, modern comfort and technological advance for 
us is a matter of course for many plants. Leguminous plants 
(peas, beans, peanuts etc.), which are commonly found among 
the trees and shrubs of the tropics, have adapted themselves 
with particular skill to alternations of light and darkness, heat 
and cold. Like the latest in Venetian blinds they automatically 
regulate the intensity of the heat and light by infinite variations 
in leaf position, from the horizontal to the vertical. When the 
degree of light suits them, they spread their pinnate leaves flat 
out; in fierce sunlight they hold them straight up or lay them 
together in pairs. In the dark they behave in the same way, 
thereby avoiding an excessive loss of heat, just as they avoided 
overheating in bright sunlight. No such protection against the 

sun is required by plants in our latitudes. But the French bean or 
the wood-sorrel, which is common in damp woods, may be 
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observed to change the position of its leaves during the night in 
order to prevent heat loss. 

A few years ago Zeiss, the world’s leading optical glass firm, 
developed, under the trade name ‘Umbramatic’, sunglasses that 
adapt themselves to any intensity of light. In the shade and 
indoors the glass is almost as clear as water. With increasing 
brightness it becomes darker and darker, until in brilliant light it 
reaches its deepest brown. These glasses are a supreme example of 
industrial development. Their manufacture is costly and com- 
plicated, and their price is correspondingly high. When the ‘um- 
bramatic’ technique came on the market, an oculist assured me 
that nothing so ingenious had ever been seen before. He was 
mistaken. Any green plant could have been the model for those 
glasses, for green plants have long practised the same technique — 
automatic brown colouring regulated by sunlight — as a matter of 
course. You can observe it everywhere in our flora. Leaves and 
shoots that grow in the shade are yellowish-green or a delicate 
light green. In places with more light they are brownish or tinged 
with red, and in very sunny places they often become almost dark 
brown. Shading pigments appear on the surface of the leaf 
which do the work of sunglasses for the sensitive chlorophyll — 
and sunglasses of a very expensive kind too, for the shading is 
automatic and infinitely variable. 


Cacti are often mentioned in this book. One reason may be that 
this remarkable plant family has fascinated me for almost twenty 
years, so that I have studied it with great interest, but the main 
reason surely is that the native environment of cacti often 
demands from these bizarre columns, cylinders, spheres and coils, 
a tenacious will to live that results in the utmost extremes of plant 
adaptation. 

A great number of the most comical cacti are native to the dry 
plateaux of Mexico. Some of them have developed a style of 
wintering most unusual in plants. When the Mexican ground- 
squirrels, relations of the Alpine marmots, crawl into the earth 
at the first signs of the dry season, and sleep through six or seven 
dry, cool winter months under its protection, the remarkable 
Lophophora, or mescal cactus, from which the drug mescalin is 
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extracted, likewise sinks into the earth to hibernate. There it 
keeps warm, sheltered from the cold drying winds that sweep 
over the uplands. With the first onset of the rains in February or 
March, the grey-green leathery ball crawls out of its earth nest 
into the light of day. 

The principle of burying oneself in winter is surprisingly 
simple. The mescal cactus, like a whole series of other species, is 
anchored in the ground by a long thick tuber. With the onset of 
the dry season in autumn the plant shrinks from the top down, 
often losing as much as half its volume. In the spring the shri- 
velled body quickly sucks up all available moisture, expands 
within a few days to its former size, continues its growth in the 
heat and light, and soon comes into bloom. 
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Communications: From Semaphore to 
Computer 


Plants are masters of constructional statics; land, water and air 
transport; hydraulics and thermodynamics; the use of light 
energy; the measurement of time; and the principles of chemis- 
try. They have outstanding achievements to their credit in every 
one of these domains. Anyone who looks down the index of an 
engineers’ handbook, or scans the list of departments in a tech- 
nical college, will perceive that the plant capabilities already de- 
scribed in this book cover a large part of human technology. The 
principal subjects still remaining are the technologies of measure- 
ment and of communications. Both of these are supposed to help 
man to come to terms with his environment, to learn facts, and to 
express himself intelligibly. These are also important problems 
for plants. What solutions have they found for them? 

By communications we understand in the narrow sense the 
relaying, in the wider sense the acquisition, interpretation and 
storage, of information. Plants are confronted by such tasks 
when they are working together with other living creatures. This 
is especially the case with pollination by insects and other 
animals. In order that the insects may move from flower to flower 
with the greatest possible gain to both sides (a rich supply of 
nectar for the insects, intensive pollination for the plants), 
rationalizing measures must be undertaken which can only be 
effected through ‘communications engineering’. To avoid vain 
searches, the plants must set up signals which give information 
on their flowers. In order that insects shall not fly to flowers that 
are not as yet sexually mature, and therefore can neither be pol- 
linated nor offer anything to the insect, such flowers must be 
marked. And in order that flowers already pollinated and robbed 
of their nectar should likewise not receive unnecessary visits, 
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another suitable signal is called for. The signals should be varied 

in accordance with the nature of the pollinating animals. Bees or 
beetles need to be solicited in a different style from flies, and flies 
differently from humming-birds or bats. A flower constructed 
exclusively for bird pollination should, if possible, attract no 
insects. Finally, optical signals visible at a distance commend 
themselves in territory easily surveyed, but in country not thus 
open to view other methods of attraction and communication 
must be found. 

The catalogue of measures taken reads like the report of an 
industrial consultant. If the list of problems is long, the number 
of solutions is so considerable that until now it has been possible 
to investigate only a fraction of what plants have developed in 
this sphere. Yet already whole books have been written on the 
subject. Here as always we must content ourselves with a few 
examples. 

Visual signals are the most frequent and the most important 
lure for pollinators. ‘If the Musaenda flower’s means of attrac- 
tion had not long ago been compared to the putting out of flags, 
the comparison would have occurred to the most prosaic ob- 
server,’ wrote the botanist, Professor Haberlandt, at the end of 
the last century, in his description of these Malay climbing 
plants. 

The little five-piece corolla is obviously not sufficient to attract 
the visiting butterfly, so one of the normally unobtrusive petal- 
lobes develops into a great, upright, milk-white petal with a 
gleaming surface, 2 by 4 inches, clearly visible from a distance. 
Associated with the flag-like form is the ‘traffic-light’ effect of 
colour. The white or pale-yellow colour is no accident, for 

_ butterflies are particularly susceptible to light, clear colours. But 
if flies are to be attracted, grimy flesh colours will predominate, 
dull dark-brown or reddish-black shades unpleasing to the 
human eye. Flowers pollinated by flies not infrequently exude a 
strong odour of carrion, or smell abominably of rotten flesh, 
decayed albumen or stale cheese. The colour, the flecked mark- 
ings, the carrion smell and the often considerable size of blooms 
visited by flies (the parasitic plant Rafflesia develops probably 
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the largest blooms in the world, over a yard in diameter) simulate 
very convincingly blood-encrusted, decaying carrion, and there- 
fore promise a luxurious meal. 

In addition to these plants which use smell signals, there are 
others which display the types of colour and form most likely to 
attract the visitor. Let us consider colour for a moment. Bright 
red flowers are particularly interesting. Only a few insect- 
attracting blooms are entirely red, for insects cannot recognize a 
primary red. In fact their capacity for seeing colours has been 
compared to red-green colour-blindness. Such blooms only at- 
tract insects if the red is mixed with other colours, and indeed 
until now no flower of a pure red colour has been found to be 
visited by insects. This colour is found in flowers, but then the 
visitors will not be bees, flies, beetles or butterflies, but birds, for 
example the humming-birds of America or the equally tiny 
honey-birds of the eastern tropics. The eyes of these creatures 
are particularly sensitive to it, and a bright primary red is there- 
fore the colour best suited to attract them at a distance. 

A bright colour is also appropriate for attracting the herb 
ivorous bats, which fly about in the evening when the light is 
failing. Thus Freycinetia, a tropical liana adapted to pollinatio 
by flying foxes, has bright red petals which indicate to the bats 
the presence of succulent food. 

Flowers which, by specific signals, attract birds for pollinatio 
are of course structurally prepared for these visits. The swee 
nectar at the base of their trumpets is accessible only to a bird’ 
beak and tongue. But humming-birds often try to reach the deli 
cacy by pecking off the blooms at this point. Naturally this doe 
not suit the plant, which in return for its nectar expects pol 
lination. A South American shrub, Fochroma macrocalyx 
outwits the humming-bird with complete success. Should it sta 
pecking at the calyxes from underneath, a jet of water greets it. 
sadder and wiser bird will in future refrain from honey-stealing 
and will use the conventional method in accordance with th 
plant’s wishes. 

Insects and birds naturally do not land on blooms that are sti 
closed, and thus avoid a wasted visit. But many plants have ope 
flowers that have not developed any nectar, because they are no 
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yet sexually mature. Any attempt at pollination would be wasted 
on them. Although we have yet to discover how they do it, such 
flowers signal clearly that they have nothing to offer, so that visi- 
tors are spared the trouble of looking there for nectar, and in- 
stead fly straight on to the next flower. The sign is not visible to 
the human eye, but clear enough to convey exact information on 
the possible yield of nectar to the insect or the bird, which thus 
avoids superfluous visits and has time to enter more mature 
flowers — a gain for pollination. In the same way, plants also 
indicate pollinated blooms already robbed of their nectar. Mostly 
this is done by a rapid, striking change of colour, or by immedi- 
ate withering. Orchid growers know what they are doing when 
they: carefully protect the splendour of their greenhouse blooms 
from insect visits. Swift withering would inevitably follow 
pollination. 

Besides visual signs, plants emit odours which are effective 
even when thick bushes prevent a flower from being seen at a 
distance. In general, adaptation to the type of visitor is as flexible 
here as in the case of visual signs. Flies have an excellent sense of 
smell for a few quite definite odours, closely connected with their 
way of life, but are completely unaware of all other smells. The 
flowers that wish to attract flies therefore, as we have seen, stink 
of carrion: no inconsiderable chemical achievement, since this 
involves imitating odours ordinarily produced by quite different 
substances. On the other hand, bees apparently have exactly the 
same reaction to smells as do human beings. No wonder, then, 
that the flowers they visit also smell agreeable to us. Many 
butterflies and beetles are masters in the art of detecting smells. 
Substances which the nose of man cannot detect, even in con- 
centrated form, they perceive when diluted to less than half a 
millionth of a milligram in a cubic yard of air. Thus they can 
often smell a single bloom at a distance of several kilometres, and 
fly directly to it. No walkie-talkie could convey information over 
such distances with so little expenditure of material and energy. 
From what distances then must the aroma of whole hedges or 
trees in bloom attract insects? 

The arum, which flowers in spring in low-lying, damp de- 
ciduous woods, is trebly equipped with effective signals. Its large 
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petal, rolled into a tube, is the familiar flag, visible from a dis- 
tance. Anyone who bends over it will be struck by the fairly 
penetrating, disagreeable carrion smell which informs flies of the 
nourishment in store. But in addition to these signals the arum 
flower, like many tropical water-lilies, attracts through heat rays, 
to which the tiny midges and flies that visit it are particularly 
receptive, above all in April when the days are still often rather 
cool. Through intensive exhalation of stored energy the flower- 
spike acts like a radiator, warming the lower funnel up to 40°C 
above the surrounding temperature. Thus one of the attractions 
of this plant is a warm room in which the insects gladly stay, 
particularly as it offers nectar too. Once in the funnel, the flies 
and midges are systematically put to use by the plant. Having 
crawled in through a ring of fine hairs which only bend one way, 
they are prevented from getting out again until they have pol- 
linated the female flowers at the bottom of the funnel with the 
pollen they have brought with them. The male flowers then open 
above them and sprinkle them with fresh pollen, and only then 
do the hairs at the entrance shrink back and leave the exit open. 
The arum therefore practises, besides threefold signalling, an 
entirely different type of communications technology: data pro- 
cessing. Its pollination mechanism functions like a computer- 
regulated industrial production line. 


One of the newest and proudest products of the com- 
munications industry is the computer. Calculations which would 
take a mathematician six months can be done in a matter of 
seconds with its aid. It can store millions of data units in the 
smallest of spaces and recall them at any time. Scientific cal- 
culations, the keeping of bank accounts, high-speed airline book- 
ings, interpretation of statistics, the processing of opinion polls 
and the counting of the vote, these are just a few of the almost 
infinite functions of electronic calculators. 

Their fundamental principle is as simple as you could 
imagine. They can distinguish between nothing but yes and no, 
larger and smaller, like and unlike, so they can count only from o 
to 1. They must resolve all larger numbers into a sequence of 
zeros and ones. The number 3, for example, in computer 


II2 


Communications: From Semaphore to Computer 


language is ooorr, the number 13 is or101, and the number 22 is 
to110. In order to note any one of these three numbers, therefore, 
the computer needs in each case five so-called storage places. For 
the number 22, it would go like this: the first storage place notes a 
1, the second a o, the third and fourth each a 1, and the fifth 
again a o: Because a computer must often store up a great many 
numbers, the single storage places naturally cannot be big. Until 
recently these were tiny magnetic ceramic rings, threaded at the 
intersection points of a net of wires. Each of these storage rings 
was capable of storing the distinction 0/1, according to whether 
it was magnetized or not. 

A core-store, that is a constructional element comprising many 
such wire meshes, could contain over 50,000 or even 100,000 of 
these tiny magnetic rings, and accordingly as many 0/1 
distinctions. 

Computer technology has made rapid progress during the last 
few years. Electronic computers have become steadily smaller 
and faster. Today they work with extremely small magnetic 
storage rings, so tiny that a human hair could barely be forced 
through the centre. Their external diameter is one fifth of a mil- 
limetre. Carefully threaded on gossamer-like electric wire, each 


_- one effects the electronic notation of the o/1 distinction. But the 


industry, still not satisfied with this advance, has now developed 
even smaller ‘memory cells’. The finest electrical wires and sil- 
icon elements can be fitted on to the plate with minute precision, 
forming in all 664 switching elements which so combine that the 
entire structure can note 64 0/1 distinctions. By way of compar- 
ison the rings 1:2 millimetres in external diameter, as used in 
earlier computers, could each store one such differentiation. 

Computer construction therefore owes a great deal to the de- 
velopment of micro-electronics, which was speeded up by the 
demands of space travel. The great unwieldy installations have 
become considerably smaller in the last few years. Nevertheless, a 
complete électronic computer installation, consisting not only of 
the central storage but of input and output units, additional 
stores and other apparatus, takes up a fair amount of space even 
today. 

You might imagine that man is clearly the superior of nature 
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in the construction of data storage units, and that to get any more 
information into a tiny space would be inconceivable. But to test 
this supposition, let us observe the data storage units of plants. 
We come across them every day, if not, as town-dwellers, in 
nature, then at least in the grains of our wholemeal bread or the 
poppy-seeds on our rolls: in short, in the seeds of plants. All the 
specifications as to the appearance of the plant which will grow 
from it are stored within the seed. Size, colour and shape of 
leaves and flowers, behaviour in heat and cold, light and shade, 
in acid or calcareous soil, in drought or downpour, are clearly 
determined in it. ; 

Let us try to discover how many o/1 differentiations would be 
necessary in order to programme in a computer only the colour 
of the flower of a plant. Naturally this is not immediately pos- 
sible, but a rough estimate will suffice to show the size of the 
problem. We know from colour television that all possible shades 
can be mixed from the three base colours, blue, green and red, 
through varying the amounts of each in the mixture. For the sake 
of simplicity I will not assume an infinitely variable scale in the 
base colours, but gradations of 1 per cent. In a mixed colour, 
therefore, the blue portion will be 1 per cent, 2 per cent, 3 per 
cent, and so on up to 100 per cent. The same will be true of green 
and red. Thus, crudely simplifying, we still have 5,151 different 
shades. Thirteen storage elements are needed in the computer to 
store any one of these colour combinations. Ten more elements 
will certainly have to be added to contain the information that 
this is a colour that is being registered. The specification could 
just as well be one of size, form, hardness, or any of a thousand 
other features. 

Thus for the colour of the flower 23 elements in all are neces- 
sary. Then we have to determine where the colour is to appear: in 
the root, stem, leaves, fruit or flower. At this point it becomes 
very difficult to say how many o/1 differentiations are necessary 
for the information. Let us assume, however, that only about two 
dozen kinds of tissue are in question with a plant, which makes 5 
further 0/1 storage elements.. Thus we have a total of 28 elements 
so far for the colour of the flower. Let us take a flower of three 
colours, as typified for example by the common daisy with its 
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yellow centre and white, pink-tipped petals: the number of 
storage elements rises to 3 X 28 = 84. To this must be added data 
on changes of colour, whether caused by the passage of time 
between the opening of the bud and the withering of the flower, 
or by variations in light intensity or temperatures, different min- 
erals in the ground, and so on. Let us restrict ourselves to these 
four possible influences and assume that, according to its extent, 
each might extend our 5,151-phased colour scale by a maximum 
of 500 phases. With four influencing factors and three different 
flower colours we shall have to programme a_ further 
3 X 4 X 500 = 6,000 variants, which makes another 13 storage 
elements. But for every influencing factor we have also to deter- 
mine which of perhaps a thousand possible physical or chemical 
factors is involved. This gives us a further 40 storage elements 
per colour, 120 in all. Thus the sum of storage elements required 
for flower colour is 217. These would establish one of the 
simplest of the data for the future plant in the computer. 

If you have some knowledge of data processing, you might like 
to try to programme in the same way the other plant qualities. 
The task will drive you to despair. First there would be the other 
colours of the plant, those of the roots, stem, branches, twigs and 
leaves (including thorns and hairs), fruits, seeds and so on. Then 
we have quantity specifications for all these organs. Next come 
details of surface structure, hardness, flexibility, heat con- 
ductivity, translucency, and so on, of all the parts of the plant. 
The mathematical encoding of the outward form alone of a tree — 
the way in which its roots, branches and twigs divide, the relation 
of the diameter of the trunk to that of the branches, data on the 
exact geometric shape of the leaves, buds, blossoms and fruits, 
particulars of the bark — would entail several million 0/1 no- 
tations. After the outer structure there is the inner — the dis- 
position of the different kinds of tissue in the plant, the form, size 
and arrangement of the cells in the duct system, in wood, foliage, 
and so on. The chemical qualities of the cell sap follow. Finally, 
exact data are to be stored for the growth processes through the 
life of the plant, for its behaviour in every conceivable environ- 
mental situation, for the manner and time of its propagation. 

The storage capacity of a large modern computer would 
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scarcely suffice for all the plant data together. A plant keeps the 
whole of this information in one tiny seed; in the case of many 
tropical pineapple plants (for example Pitcairnia maidifolia), no 
fewer than 25,000 such seed grains are needed to make up one 
gram. 

Still smaller are the spores of fungi, yet they too contain com- 
plete information on the structure and behaviour of the fungus 
from which they come. The spore measures only five thousandths 
of a millimetre. In comparison with the measurements of this 
high-capacity data-store, the elements of the most modern micro- 
electronics are like a volcano compared to a match. And this is by 
no means an exaggeration: a volcano of 9,000 feet is 70,000 times 
as high as a match is long. A very small computer room only 1§ 
feet in length is about a million times the size of a fungus spore. 
In addition to which a fungus spore is far more than a mere data 
store: it is at the same time the reservoir of material from which 
the new fungus plant will develop. 

But anyone who imagines that the huge computer must be 
considerably less vulnerable than the tiny data store of the plant, 
is mistaken. The computer, to work properly, needs dust-free air 
and constant temperature and humidity levels. Many plant seeds 
and most fungus spores tolerate anything from extreme degrees 
of frost to the boiling-point of water, from absolute drought to 
constant damp, from dust-free air to desert sand: anything, in 
fact, that the environment may choose to inflict on them. 


116 


CHAPTER ELEVEN 


_ Achievements in Measurement Technique 


Adjustment to an environment presupposes above all a know- 
ledge of that environment. For this purpose human beings 
employ techniques of measurement in addition to their own 
senses. With the aid of these techniques we also get a clear picture 
_ of things that we would apprehend only imperfectly or not at all 
without instruments. The detection of poisonous substances in 
_ the air we breathe or the water we drink; decisions as to the right 
degree of lighting for places of work or the exact exposure for 
sensitive films; the precise determination of tiny quantities of a 
substance, or the exact measurement of the moisture content of 
well-seasoned rare woods in the construction of musical instru- 
ments: these are only a few of the infinite number of tasks that 
would be beyond our capacities if we did not possess highly 
- developed, sensitive measuring equipment. 

Living in a manner suited to one’s environment means, first, 
knowing that environment and then acting on the knowledge. To 
put it another way, an organism that lives in harmony with its 
environment is certain to have a good knowledge of it. The be- 
haviour of plants is in harmony with their environment. They 
are in no way inferior to humans in adaptability to their habitat: 
on the contrary, in many respects they are superior. Does this 
mean that they know their environment better than we can, with 
all our technical aids? Generally speaking, the answer is no. Man 
with his radio-telescopes has succeeded in picking up electro- 
magnetic waves from extremely distant stars, and even from 
some which exploded and vanished long ago. He can register the 
seismographic waves of an explosion taking place many thou- 
sands of miles away. He can determine the precise insolation of 
Mars or any other planet. But what does he gain from these 
extraordinary achievements? They do not improve the quality of 
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his life. The plant has learned to do none of these things. Why 
should it? From the point of view of a purely utilitarian system, 
the acquisition of such skills must appear an uneconomic, and 
therefore not very intelligent, digression from real living. Com- 
prehension of the environment does not, for the plant, include 
knowledge of any distant stars; but it can include, for example, 
the exact registration of the course of the moon, from which to 
deduce a suitable pattern of behaviour when living in tidal zones. 
Functional measurements of this kind include the exact evalu- 
ation of light stimuli, gravitational impulses, humidity levels, 
chemical substances or contact stimuli. Such measurements are 
directly connected, for plants, with the business of living, and the 
plant is as well versed in them as man, perhaps even better than 
man with all his expensive methods of precision measurement. 

I have already mentioned the inconceivable sensitivity of 
growing root-tips or unicellular plants to chemical substances: a 
fern’s sex cell can detect and recognize 0:000 000 028 milligram 
of malic acid. I have also pointed out that bacteria are better than 
any chemo-technical analysis apparatus in the detection of 
minute quantities of oxygen. The transmission of an irritant 
stimulus in a plant is probably also chemically activated. For 
this, too, extremely small quantities of active substances suffice. 
An oxyacid from the compressed sap of the mimosa diluted in 
the proportion of 1:100 million still produces a definite reaction 
in the plant. The dilution corresponds to 25 drops in a swim- 
ming pool 15’ by 60’ and 4’ 6” deep. This too would be beyond 
the capabilities of chemical analysis equipment. 

The precision achievements of plants in the field of time 
measurement (which will be discussed again later) would be 
enough to merit the designation ‘chronometer’, which is be- 
stowed as a distinction on particularly efficient timepieces by the 
governing body of the Swiss watch-making industry. 

For climbing plants, the evaluation of touch stimuli is of vital 
importance. When their tendrils touch something in searching for 
a hold, they must recognize that they have done so and respond at 
once with a retaining movement. The tactile sensitivity of such 
special climbing organs far surpasses the human sense of touch; 
even the pharmacist’s scales and the highly sensitive weighin 
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equipment of the laboratory are outclassed. You can measure 
quantities of o-or milligram with a good chemical balance. But a 
tendril reacts within a few seconds to the touch of a woollen 
thread weighing only 0-00025 milligram bending so quickly that 
the movement can be detected by the naked eye. Moreover, even 
in the case of such a light touch, the plant, unlike any tech- 
nological apparatus for tactile measurement, can actually dis- 
tinguish between different materials. Falling drops of water, for 
instance, which should not produce any movement of the tendril 
in their direction, or a glass rod, which is too smooth to be 
gripped, convey no stimulus. 

Equally amazing is the plant’s ability to perceive the smallest 
of luminous intensities. A 25-watt lamp in absolutely clear air 
and in complete darkness can be detected and located by the tips 
of a sweet-pea seedling (Vicia villosa), which are extremely sen- 
sitive to light, at a distance of 19 miles; a 100-watt lamp at 44 
miles. There is certainly no very great difficulty in detecting a 
100-watt lamp at a distance of 44 miles. Even a candle can be 
perceived at a distance of 17,500 miles with astronomical tele- 
scopes and appropriate luxmeters. (It would correspond to a star 
of the 23rd magnitude.) But such measuring methods are based 
on the magnification by a strong telescope of the source of light, 
and hence of the observed luminous intensity, to a-degree per- 
ceptible to good luxmeters. If the light is not coming from a 
point source, the measurement technique breaks down. In such 
circumstances it could detect only with the greatest difficulty 
luminous values which, over a longish period, are still registered 
by the sweet-pea seediing. An extremely sensitive measuring 
system equal to this task would unquestionably be destroyed on 
the spot if direct sunlight fell on it, for direct sunlight is four 
million million times as bright. And yet that efficient optical 
measuring system, the plant, survives unscathed the tremendous 
variations in light intensity which even the adaptable human eye 
cannot support. 
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Man in the technological age has created for himself an artificial 
daily rhythm that has little to do with the conditions of his en- 
vironment. The fact that we still live according to a 24-hour rhy- 
thm is probably due only to the unalterable intervals of our bodily 
functions. We have long considered ourselves independent of 
daylight and of changes in temperature. That this belief is mis- 
taken has been demonstrated by the damage to health which unden- 
iably ensues with interchangeable work shifts or with night shifts. 

Plants observe natural rhythms very strictly. As we know, this 
is indispensable to their healthy growth, but it also contributes to 
the economy of energy and material. Thus luminous marine 
algae and fungi (see Chapter Fifteen) emit the enzymes essential 
to their remarkable cold-light radiation only at night. In the 
daytime they ‘switch off’ their light, which is economically sound 
since the intended effect would be lost in daylight. 

The time ‘agreement’ between many flowers and insects is of 
particular interest. It is at precisely those times when pollinating 
bees, wasps and other insects are abroad that flowers open and 
give up their nectar and pollen. As early as 1933, E. Kleber 
examined this coincidence in detail. Basing the times on averages 
of measurements taken on various days in July and August, he 
has shown that both flowers and insects possess internal clocks 
which function to a large extent independently of the weather, 
and which quite evidently synchronize. In this way animals 
avoid visits at the wrong time in their search for food, just as a 
housewife knows the opening and closing times of her food 
shops; and for the plants it means that nectar and pollen need be 
produced only when they will be used (see Figure 5). 

Such biological clocks go on functioning quite reliably when 
outward signs of the day’s rhythm, such as dawn and sunset or 
changes in temperature, are artifically suppressed over several 
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Fig. 5 Co-operation between plants and pollinating bees is indicated by 


_ these clocks (which register only 6 a.m. till 5 p.m.). The black section of 


the inner circle shows the times of heavy pollen emission by the blossom 
of four varieties (corn poppy, mullein, vervain and three-coloured bindweed), 
and the black section of the outer circle shows the time of intensive visiting 
by bees. Cross-hatched areas indicate light pollen emission and infrequent 
visiting, and blank areas indicate zero pollen emission and zero visiting. 
days. As though at a word of command the flowers open their 
blooms at the appointed time, and the insects keep the ‘ap- 
- pointment’ just as punciually. We do not know how plants and 
animals developed this capacity for exact time measurement: it 
Was expedient for them, and so they solved the problem by 
- methods which scientists can still not explain except by un- 
| satisfactory hypotheses. 

The great Swedish botanist of the eighteenth century, Carl 
Linnaeus, planted a flower clock based on the different opening 
times of different blooms. Carefully chosen plants were arranged 
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in segments round a circle in the order of their times of opening 
This botanic clock always told the right time throughout the day 
for at each hour the flowers of only one species would be open. 

‘Sleep movements’ of many leaves (see Chapter Nine), whic! 
are designed to prevent an unnecessary heat loss at night, ar 
almost always controlled by the biological clock and not by alter: 
nations between light and darkness. Similarly, trees and grasse 
release their winged seeds and their pollen only at those times 0. 
day when they know from experience that the wind will bi 
strongest and air transport most assured. Many fungi and alga 
release their male and female gametes only at certain times of th 
day, when both are ready for union. The capacity of chlorophyl 
to build up glucose is almost completely dormant during the 
night: it is not needed, so it is ‘switched off’, exactly as we switck 
off the radio outside transmission times. 


In June 1964 the English journal Nature published an article 
by Dr G. S. Hawkins with the sensational title, ‘Stonehenge, « 
neolithic computer’. 

The great ring of Stonehenge, in the county of Wiltshire 
about 80 miles south-west of London, was erected by Stone Ags 
men some 3,500 to 4,000 years ago. Slabs of rock up to 25 feet i 
height and 50 tons in weight were transported from a gu 
some 145 miles away expressly for this edifice, which scientists 0: 
our day have called ‘the greatest riddle of the ancient world’. Th 
riddle has since been solved by astronomers and archaeologis 
Stonehenge has been ‘deciphered’. That prehistoric place of wor. 
ship was a sanctuary of the sun and the moon, built in order t 
locate important positions of the two heavenly bodies by mea 
of precisely sited pillars of rock. It can be proved with certain 
that the placing of the stones was not fortuitous, but represent 
a well-thought-out astronomical orientation apparatus. Ston 
henge was an exceedingly accurate sun and moon calendar, whic 
made it possible not only to predict the times of the annual s 
mer and winter solstices, but also to determine the changing posi 
tion of the moon’s rising and setting over many years. By me 
of this stone calendar, the days between two full moons could 
counted; the cycle of 18-6 years, after which the changing co 
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of the moon in the heavens repeats itself, could be followed; 
and eclipses of the sun and moon could be precisely foretold. 

It is not only at Stonehenge that there is a stone calendar 
thousands of years old. In the north-west of France, in Brittany, 
mighty accumulations of prehistoric structures are to be found. 
Stone rows made up of thousands of pieces of rock attract 
curious tourists and interested scientists every year. These ar- 
rangements of stones also had clearly calendrical functions. 

Scientists have generally supposed that the orientating lines of 
all these arrangements of stones coincided only by chance with 
important astronomical points, for they simply could not credit 
the builders with the far-reaching astronomical knowledge 
necessary for a planned alignment. Probability calculations, 
however, have since proved quite clearly that Stone Age man 
- must have been in a position to erect such calendar structures 
intentionally, Professor Rolf Miller, the astroncmer, who has 
made these ancient cultural monuments the subject of meticulous 
study, expresses it thus: 


Is it in fact really learning that is revealed here? It is knowledge 
that was, as a matter of course, the property of an observer close to 
nature. The spectacle of the heavens taught Stone Age man the move- 
ments of the stars in their relationship to one another. He used this 
knowledge to fix the hour and the calendar, as was so urgently re- 
quired by a settled agricultural people. 


These words, in my opinion, are the key not only to the calendar, 
but to the whole question of time measurement. Time measure- 
ment is necessary for planned action, for adjusting oneself in 
good time to an expected event. Thus many flowers open not at 
sunrise, but a little before, because their biological clock tells 
them that it will soon be day. We human beings of the twentieth 
century have largely lost the measurement of time in its original 
sense. When we enter appointments in our diary by date and 
hour, and ensure the keeping of them by calendars and watches, 
the dates are nearly always chosen independently of external 
events. If, for example, an insurance agent arranges an ap- 
pointment with a customer for the conclusion of an agreement 
on 27 April at 10.30 a.m., the appointment could just as easily be 
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for 14 September at 3.45 p.m. For that type of business it does 
not matter. But if the ancient Egyptians wanted to till their 
fields, the time could not be decided at will. When the annual 
inundation of the Nile made the soil of the river valley fertile, 
every preparation for the sowing and planting that were to follow 
must already have been made. The Egyptians were dependent on 
a system of time measurement quite inconceivable apart from 
external events because synchronous with them. Prehistoric man 
developed this measurement of time because he required it. That 
the measurement of time is no end in itself, but an indispensable 
means of adapting oneself to the order of the environment, is a 
fact that we today frequently overlook. It is still a self-evident 
fact for the scientists of the space-travel laboratories, who can 
start a moon probe, for example, only at certain times, if they are 
to link up again with the earth satellite. Biologists, who have long 
neglected in favour of more obvious spatial considerations the 
study of the adaptation of man, animal and plant to the rigid 
temporal order of the environment, seem gradually to have lost 
their feeling for the significance of time measurement. 

Only recently has it become known that plants can carry out 
long-range time calculations as precisely as the prehistoric as- 
tronomers of Stonehenge. Similarly, we have only just discovered 
that they allow for the movement of the sun and the moon im 
their internal calendar, and that they actually take measuremen 
of the length of the day. 

To return to the two examples of the insurance agent ar. 
ranging an appointment, and the peasant of the Nile valley: rela 
tive time measurement is enough for the insurance agent. If h 
and his client have synchronized watches he can arrange as th 
time of meeting ‘24 days and 74 hours from now’. The positio 
of the point of reference ‘now’ is irrelevant. The peasant of th 
Nile valley, like the astronaut, cannot be satisfied with a relati 
time measurement. Both need an absolute measurement. N 
only must their clock run neither fast nor slow, but it must als 
be set to local time. Plants face the same necessity: their clo 
must not only measure relative time intervals, but must also t 
them at what time the sun will rise. 

To what extent plants fix dates beforehand and plan th 
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behaviour accordingly we can see from a species of brown algae, 
Dictyota dichotoma, which grows in shallow coastal waters. 
Guided by a precise inner 24-hour clock, it releases its male and 
female gametes only at certain hours of the day — but not of just 
any day, for an internal sun calendar restricts it to the late 
summer. An inner moon calendar also influences the procedure: 
the gametes are released only twice within a moon-cycle, at inter- 
vals of 14 or 15 days. Since all three conditions coincide very 
rarely, this species of algae liberates its reproductive cells over 
only a few brief hours in the year. The odds in favour of male 
and female gametes meeting and uniting are a thousand times 
greater during this carefully defined brief period than they would 
be if the cells were released over longer periods. Male and female 
‘gametes thus have definite ‘appointments’ which they observe 
with painstaking exactitude. 

But even that is not the chief advantage of this detailed plan- 
ning. It also guarantees that the reproduction takes place at low 
water, and then only at the spring tide, when the water-level is 
particularly low. Conditions are then most favourable for repro- 
duction. Brown algae thus use a moon calendar because they 
need it; for the tides are governed by the moon. Laboratory ex- 
periments have proved that the plants are not simply using direct 
observation of the sun and moon, and waiting until the light of 
the stars indicates the position of the heavenly bodies most 
favourable for their purposes. Even when the algae were deprived 
of both sunlight and moonlight they kept to the appointed times. 
They must therefore possess an inner clock and calendar which 
enable them to choose the right times even if, for example, the 
moon is obscured by clouds. 

The ability of plants to measure exactly the length of the day is 
another proof that they do not simply redetermine their rhythm 
each day according to the alternation of light and darkness over 
24 hours. Anyone wishing to ascertain how long it is light and 
how long dark over a 24-hour period, in order to draw con- 
clusions as to the season, needs a very precise 24-hour clock, and 
must be able to compare exactly such external time intervals as 
the duration of light with the course of the inner clock. The 
incredible precision with which plants have been able to carry 
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out such measurements has been demonstrated by varieties « 
Javanese rice. Since Java lies very near the equator, differences i 
the length of day never vary more than 48 minutes over th 
whole course of the year. Fractions of this time span, therefor 
must suffice the rice plants for the determination of the seasor 
Indeed, it has been proved that a difference in daylight length c 
one single minute causes a speeding up or a slowing down c 
more than a whole day in the development of the plant. To detec 
one minute of light more or less in the course of 24 hours is 
precision achievement in technical measurement with a margin: 
error of 7 parts in 1,000. The long-term calculations of the brow: 
algae, when determining the most favourable hours of the yea 
for emitting gametes, are accurate to within 5 parts in 1,000. 
Seasonal clocks or calendars are not rare among plants. Man 
seeds retain their capacity to germinate for years or even decades 
but can only sprout at certain seasons. The seed of the hayrattl 
(Rhinanthus alectorolophus) becomes capable of germinatio: 
five months after maturity, at the beginning of winter. Its ca 
pacity for germination is then maintained for a few months. 
ceases in April of the following year, returning five months lat 
for the next winter period. This is of course a wonderful ada 
tation to the temporal rhythm of the environment: the seed 
capable of germination only when the appropriate climatic co 
ditions exist. However, it is not the climatic conditions th 
selves that regulate germination capacity, but an internal season 
clock that works independently of them, whatever the conditio 
and temperatures operating on the seed. Otherwise, the s 
could react wrongly to an occasional bout of abnormal weath 
and perhaps germinate in the middle of a cold and da 
summer month, so that its period of fastest growth would c 
incide with the winter. The seasonal internal clock effective 
prevents that. Such hereditary timers often function for perio 
of more than a year. Ash tree seeds, for example, become capa 
of germination only eight years after maturity. 
We do not know by what technical means plants measure ti 
the technique was essential for survival and so they learned it, 
did Stone Age man. 
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Inbreeding and Incest 


Development is the form of progress most favourable to the en- 
vironment. Constructs, too, can be favourable, but often they are 
not. Hitherto I have written of constructs in a purely technical 
sense, indicating when they were related to biological solutions, 
when intelligent, and when not. But the concept ‘construct’ can 
take on a wider meaning, connoting a stiff, theoretical quality, 
alien to reality; in that wider sense much is constructed, or 
artificially put in train — even marriages. 

The economically minded feudal system of past ages de- 
manded biologically senseless marriages of convenience, 
‘suitable’ to the rank of the parties concerned. The motive was 
commercial. Man and wife did not come together from natural 
liking for one another; their union was consciously engineered, 
‘constructed’. In the course of generations the inevitable result 
was the intellectual and physical decadence of the nobility, for 
continuous inbreeding within closely related clans hinders the 
healthy development of the racial heritage and ends in 
degeneration. 

Degeneration is a biological problem, and biological problems 
are even less capable of solution through the constructs of ab- 
stract reflection than are technical problems. A typical ‘con- 

struct’ solution is the relief of the ills produced by degeneracy. 
But this leads to dependence on aids, crutches, prostheses and 
medicine. 

A biological solution of the degeneration problem consists en- 
tirely in preventing things from getting to that point. As this is 
something of a digression from the predominantly technological 
theme of this book, let me indicate, by one example only from the 
multitude that could be given, the means developed by plants to 
obviate biological problems. 
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Inbreeding is as undesirable for many seed plants as for man 
Inbreeding, i.e. the fertilization of the female gametes of a flowe 
with the pollen of the same flower, is technically not possibl 
with very many flowering plants. They are able to prevent wha 
is genetically undesirable from happening. Observation o 
orchids, for which inbreeding is possible, has clearly shown tha 
seedlings from mutually pollinated blooms are always superior t 
those from self-pollinated ones, and that self-pollination cai 
show ill effects in a single generation. Clearly, then, preventiv 
measures against inbreeding are genetically effective. Darwi 
pointed this out a century ago, and the saying, ‘Nature tells us i 
the most emphatic manner that she abhors perpetual self-ferti 
lization,’ is still familiar today to botanists under the name oa 
Darwin-Knight’s law. The ways in which flowering plants pre 
vent self-fertilization differ in details, but all the methods can b 
reduced to two principles. 

If, during pollination, a pollen grain lands on the stigma at th 
tip of the style a tube grows out of it which works its way dow! 
through the style towards an egg-cell in order to fertilize it. Ac 
cording to one principle, this also happens when the pollen land 
on the style of its own flower, and this is self-fertilization. But i 
that case the fertilized egg-cell or, a little later, the young embry 
aborts. According to the other principle the pollen tube does ne 
reach an egg-cell of its own flower, because in the style it ; 
chemically or mechanically prevented from growing. Where thi 
is the case, the blooms can often be recognized by their extern 
appearance. Thus primroses and many other plants develop tw 
different kinds of bloom, those with a long style and those with 
short one. If pollen from a bloom gets on to its own style, th 
pollen that develops is not able to grow through the style 
press forward into the embryo sac to reach an egg-cell. Su 
cessful fertilization is only possible when the pollen of a flow 
with a short style gets to one with a long style, or vice ver 
Prevention of inbreeding is therefore complete. 
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Adaptation for Survival 


_ Efficient living in a given environment presupposes the best pos- 
sible adaptation to that environment. Adaptation means special- 
ization, and specialization means division of labour. That is why 
division of labour leads to efficiency. All the adaptive measures 
that we meet with in plants are, at bottom, instances of division 
of labour: the root, the stem, the leaf, take over quite definite 
functions of importance to the plant, and are for that reason 
nourished by the other organs. Buttress roots in a swamp, climb- 
‘ing roots, aerial roots, insect-capturing leaves, defensive thorns, 
urns storing water vapour, glider seeds, these are all specialists 
within a framework of divided labour. With highly developed 
forms of adaptation, division of labour can transcend the limi- 
tations of a single plant. Different plants, or even plants and 
animals, can come together in a real association of interests. 
Orchids are an example. 
The nineteenth century was the heyday of orchid hunters. At 
first the plants were rare in Europe, besides being very delicate, 
with the result that first-class specimens commanded extremely 
‘high prices. So there were always adventurers who, at the risk of 
their lives and often with inadequate equipment, plunged into 
tropical forests, felled giant trees with primitive tools, and sal- 
vaged the precious plants from the topmost branches. In addition 
to the usual dangers of such expeditions, the orchid hunters 
often had to bring their valuable cargo to the coast down un- 
known rivers in log canoes, at the risk of loss from capsizing or 
even death by drowning. No wonder that in Europe people tried 
‘to grow the plants from seeds. But the seeds refused to germinate. 
“It was not until 1904, almost 200 years after the discovery of the 
first exotic orchids, that the French botanist Noél Bernard suc- 
ceeded in solving the puzzle of orchid germination. He was able 
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to show that tropical orchids in their native habitat germina 
only with the aid of a fungus which later, when the plants a 
fully developed, lives in their roots. The minute seed of tl 
orchid has so little food reserve at its disposal that it needs a we 
nurse, as it were, if it is to germinate. This is where the fungus 
helpful, growing out of the orchid root as a fine web of m 
corrhizal filaments which penetrate the surrounding hum 
there to turn waste products to account. The orchids profit fro; 
this gain in food supplies, and for their part provide the fun 
with the sugar which they cannot build up for themselve 
Orchid and fungus thus form, in the language of the mark 
economy, a partnership or, as the biologists say, a symbiosi 
Together, they can adapt themselves better to their habitat his 
in the branches of the forest trees, often 100 feet or more abo 
the ground, and so survive better. 

A very similar but even more interdependent community 
formed by a variety of microscopic spherical green algae togeth 
with fungi. These two organisms are so closely bound to or 
another that together they look like a single plant: lichen. TI 
places where lichen grows show how exceptionally advantageo 
the symbiosis is for both parties. Where neither green algae n 
fungus could exist alone, they are able to grow and flouri 
together: on bare stone, on perpendicular stone walls, on wi 
ered tree bark, on pure sand, inside stones, in the climatically m 
unfavourable regions, the highest parts of mountain ranges, ev 
in the Arctic. 

How do the two partners work together? A layer of the sphe 
cal green algae is closely woven round by the filaments of 
fungus, which can decompose even sterile stones chemica 
Thus the algae are provided with important released mine 
substances. Besides this they retain the atmospheric humidi 
The green algae for their part build up sugar with the help 
water, air and light, and provide the fungus with it. This uniq 
co-operation makes both partners largely independent of m 
environmental factors. It is an extreme form of adaptation 
hard living conditions. 

Symbiotic contracts are also formed between plants 
animals. A number of so-called ‘ant-plants’ are found in 
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tropics of both hemispheres — plants so well adapted to a 
common existence with ants that their actual structure exhibits 
specially developed peculiarities. One tropical species of acacia 
(Acacia sphaerocephala) bristles with thick brown-black thorns 
about an inch and a half long. But these powerful-seeming 
weapons are not so effective as would at first appear. In fact they 
can be quite easily pressed between finger and thumb, for they are 
thin-walled and hollow. Nevertheless they have a protective 
function, for if they are damaged, innumerable ants will emerge 
and attack the aggressor. Thus they protect the acacias very 
effectively against consumption by animals. The benefit is 
mutual: not only does the plant offer the ants a nest safe from 
floods in its hollow thorns, but also it provides them with sugar, 
as well as fatty oils and albumen secreted by special organs. 
Symbiosis with ants, but in an entirely different style, is also 
typical of many South American pineapple plants (Bromelia). In 
‘the flood regions of the Amazon and its tributaries, the water 
level often rises by several yards. This makes life impossible for 
ants on the ground, as they would drown every year in their 
millions. So the ants of those regions have moved into the ‘upper 
storeys’ of the forest, secure from flood, and build their nests on 
trees. They carry earth up, stick it firmly to the trees with their 
excreta, as with putty, and — expressly in the interests of this 
unusual nest structure — lay Bromelia seeds on it. The plants 
sprout rapidly, cling to the supporting trees, and lend con- 
siderable solidity to the entire edifice. In these gardens, designed 
and planted by themselves, live the ants. But the Bromelia like- 
wise profit from the association, for their gardeners have planted 
them precisely where they too are secure from floods (see Figure 
6). Once again it is common adaptation, combined with division 
of labour, that makes symbiosis a highly advanced form of 
adaptation to hostile environments. 


The desert and steppe regions of South Africa, the veld, are 
the home of large numbers of plants which practise adaptation to 
the environment by striving to be as like it as possible. 

Rolf Rawé, a well-known botanist, plant collector and author- 
ity on South African drought areas, is a veteran of many treks 
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over the veld and has written a highly interesting book on it 
plant life, with many photographs of these plants in their natur 
environment. Anyone accustomed to books on garden plants a 
wild flowers will find the illustrations of Rawé’s book remarkabl 
unobtrusive, for in more than half of the plates one has to searc 
for the plants before one can even see them. The cause is neithe 
bad photography nor cheap printing but the plants themselve 
In form and colour they are often so like the ground on whic 
they grow that one can scarcely distinguish them from it, eve 
from three feet away. 

Considerable regions of the Little Karroo desert and Nama 
qualand consist of cracked ground thickly sown with whit 
quartz pebbles. Here — and often only here — small fleshy plant 
emerge, all with bodies noticeably white, and frequently as roun 
as the pebbles between which they grow. They belong to the mos 
varied plant families, but are very much alike in their capacity t 
imitate the natural ground. 

In other parts of the Little Karroo, e.g. in the vice C 
Prince Albert, and in the Ceres district, there are rocky patche 
with very dark quarry stone. Here a quite different kind of plan 
is to be found. Its body is not white and spherical, like light 
coloured gravel, but dark grey and irregularly angular like 
granite on which it grows, or wrinkled and shrivelled up 
crumbling stone. 

Again, small plants with thick white warty leaves, that lo 
deceptively like weather-worn limestone, are found on b 
mountain tracts, and in their natural environment can only 
detected with great difficulty. 

Among the best-known dwarf plants of South Africa are 
‘living stones’ (Lithops). There are at least fifty different varieti 
that appear only on stony ground, and in their original enviro 
ment take on to an extraordinary degree the exact shade, 
frequently also the surface structure of the pebbles, gravel 
rocks among which they grow. They conceal themselves as ski 
fully and on the same principle, _as a soldier in the field. 
assuming the same colour and the same structure as the nei 
bouring rock, both are unrecognizable at first glance. 

What is the purpose of this effective camouflage? It has 
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Fig. 6 High above the flood levels of the Amazon, Bromelia seeds, carried 
up by ants, germinate to form a protective ‘garden’ for both plants and ants. 
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same meaning for plants as for the soldier: protection from 
enemies. In desert regions with little vegetation the few plants are 
forced to make themselves invisible to famished plant-eaters, es- 
pecially in times of drought. If they were easily visible, it would 
mean certain extermination within a few years, but their unusual 
camouflage saves them from being eaten. Only for a short time of 
the year can the living stones of South Africa be recognized from 
a distance — when they are in bloom. But during that period — the 
rainy season when the whole desert is verdant and in bloom - 
grazing animals are able to find plenty of other food. 


And the angel of the Lord appeared unto him in a flame of fire out 
of the midst of a bush: and he looked, and behold, the bush burned 
with fire, and the bush was not consumed. 


This biblical statement of an early botanical observation, as well 
known as it is striking, occurs not only in Exodus III, 2, but also 
is mentioned in Deuteronomy XX XIII, 16, and in the Acts of 
the Apostles VII, 30. 

What is the truth behind this burning and yet unconsumed 
bush in the desert, which understandably captured the interest of 
the biblical people? Was it a miracle, or a reality? 

That bush existed then, and still exists today. But there is no 
need to go to Mount Horeb (now called Ras es Safsafeh) in the 
Sinai mountains to find it. The dittany (Dictamnus albus) grows 
sporadically around the Mediterranean and in Central Europ 
on dry, calcareous or volcanic soil. It is about three feet high, an 
is also known as burning bush, gas plant, savory, or caper spurge, 
The dittany is just such a burning bush as we read of in the Bible. 
On hot windless days it discharges a highly volatile oil which c 
easily be set alight. This oil burns with a blue flame, without th 
bush being damaged in any way. In intense heat there may eve 
be spontaneous ignition. 

The biological significance of the oil exhalation (for which th 
plant possesses special glands) has not been exactly established 
but we may conjecture that it is a case of ‘fighting fire with fire’ 
Strangely enough, the emission of light inflammable oi 
effectively protects herbaceous plants against being burnt up i 
hot regions. First, heat evaporation through the emission of oi 
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lowers the temperature in the leaves; secondly, spontaneous com- 
bustion in great heat, where it ignites a carpet of dry grass, pro- 
tects the plant against flames from fire in the vicinity, just as 
forest fires can sometimes be checked by a burnt-off strip. 

If you find it hard to believe that succulent plants, secreting 
light combustible oils, are themselves protected from damage by 
fire when the oil-charged air around them takes fire, try the 
following simple experiment. Steep a well-damped linen cloth in 
methylated spirit, hold it in a long pair of tongs or scissors, and 
set it alight. The highly volatile spirit (corresponding to the vol- 
atile oil of the plant) will burn quickly with a blue flame, but the 
damp surface of the cloth (corresponding to the succulent body 
of the plant) is so much cooled through the evaporation of water 
in the heat that the flame cannot spread to it, and goes out as 
soon as the methylated spirit is consumed. The cloth remains 
intact. 


Sand, sand, nothing but sand as far as the eye can see — such is 
the picture conjured up by the word ‘desert’. There are deserts 
On every continent but most of them do not at all correspond to 
this conventional picture. Even the archetype of sandy deserts, 
the Sahara, is far from being a single field of dunes. Vast rocky 
mountain chains alternate with wide, flat, pot-holed clay 
fields, monotonous gravelly plains, or salt pans scintillating in 
the heat. Grandiose landscapes of canyons suddenly give way to 
extensive table mountains. Strange, weather-worn towers of rock 
stand erect over plains where dust-storms may darken the sky for 
days on end. Then their place is taken once again by fields of 
gravel, covered to the horizon with red, black or blinding white 
pebbles, like a gigantic almond cake. The deserts of the picture- 
books with their wandering, singing sand-dunes also exist, of 
course, but these are only the deserts of tropical lands. The crisp 
and frosty waste-lands of the poles, the inhospitable high moun- 
tain regions, volcanoes and subterranean caves are desert regions 
too. 

Plants which have won the deserts of the earth for their living 
space have received from botanists the honourable title of 
‘pioneer plants’, not without reason, for their ability to deal with 
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some of the most difficult and hostile conditions on earth is 
extraordinary. Singeing heat, which would wither and burn up 
unadapted plants in a few hours; scourging sand-storms which 
erode rocks like gigantic sand-blasters; droughts that last for 
years; temperatures which fluctuate more than 50° or 60°C in 
twenty-four hours; temperatures which remain at 50°C 
below zero, and permanent fields of snow; hot volcanic springs 
of near-boiling dilute sulphuric acid; barren, vertical rock-faces 
without a trace of humus; heaps of scree several yards high from 
which every shower of rain immediately runs off, or which move 
slowly down mountain slopes, crushing everything in their path; 
marshes with water salty enough to pickle herring; or darkness 
complete and absolute: those are the problems with which 
pioneer plants have to cope, the menaces that they have overcome 
by their extreme flexibility. 

In the driest areas of the Sahara, there grows the cushion plant 
Anabsis aretioides, which owes its survival in the extreme con- 
ditions of its habitat to its sponge-like shape. The temperature of 
the stony ground around the cushions may easily rise at midday 
to 70°C, which would quickly kill the root crown of most plants; 
among the shady balls of the Anabsis, however, it is relatively 
cool. Besides, only the surface of the cushions is alive. Within, 
the dead parts of the plants form a kind of humus ball which 
stores the scanty moisture and ensures that the substances built 
up by the plant can, after decaying, be used again. Anabsis, 
therefore, in course of time forms its own ‘flower-pot’ with its 
own organic potting compost in an inorganic environment. It 
grows over it, and its hedgehog form protects it at the same ti 
from the abrasive effect of the dust-storms. 

Desert plants with ‘flower-pots’ of a quite different kind o 
in tropical America, where they survive in still more extrem 
conditions than the blue-green hedgehogs of the Sahara. Th 
ingenious members of the pineapple family (Tillandsia das 
lirifolia) can sometimes grow where there are not even ston 
and clay, for instance, on the side of a saguaro cactus. Occasio: 
rain, mist and dew bring the necessary water, and the leaves 
arching downwards to form a ‘flower-pot’, pick up dust, whic 
brings the necessary mineral substances. This aerial way of life i 
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- not confined to pineapple plants. As we have seen, many orchids, 
especially the big tropical tree-ferns, act in a similar way. 

There is no lack of rainfall in the stony deserts of the high 
mountains, of course, but water quickly flows off the steep rock 
_ faces or the loose screes of the moraines, so that in order to 
- survive plants must be adapted to irregular supplies of moisture. 
Like the dwellers in tropical deserts they have to contend with 
_ slashing storms, and like the plants of hot, dry regions they have 
_ only a few weeks in the year for growth, flowering, development 
of fruit and dissemination of seed. Tropical desert and dry- _ 
region plants remain dormant for most of the year; while moun- 
- tain plants generally sleep for just as long under a cover of frost 
and snow. There is no spring and no autumn in the regions of 
_ eternal snow, and summer lasts only for a few weeks, if it does 
- not fail completely. In that short time the glacier crowfoot, the 
_ highest-flowering plant in the Alps (sometimes more than 11,000 
feet above sea-level) completes its entire annual life-cycle. 

In recent years botanists of the University of Innsbruck in 
_ Austria have investigated the living conditions of high alpine 
flora on the Nebelkogel at Sdlden, in the Tyrol, 10,470 feet 
above sea-level. In 1964 the summer was very good: 68 produc- 
tive days for the plant. In 1965, which was cold and damp, there 
were only 31 days. 1966 was just as unfavourable: in that year 
many plants remained completely buried under the carpet of 
snow. Only in 1967 did the weather relent; after 33 months of 
almost uninterrupted life in the dark under the snow the dwellers 
at high altitudes got a chance to recover. Many had completely 
retrenched all their flower buds and, as it were, ceased to breathe 
in order to survive. Others that had not been covered by the snow 
during severe cold spells had lost leaves; and the loss of a single 
_ leaf must be considered in its relation to the production loss in 
the short period of growth during a whole year. Even in 1967 the 
Warm days were repeatedly interrupted by waves of cold and 
fresh heavy falls of snow. But the blossoms, though checked in 
their growth by frost and glare, appeared immediately after the 
first melting of the snows and, exactly 30 days after the blossom- 
ing, the first fruits were ripe. 

Soil conditions in Alpine deserts are as hostile as climatic 


137 


Nature, Mother of Invention 


conditions. But plants have learned to adapt themselves to these 
also. They grow out of crevices in the rocks and on steep slopes 
Over which a compact covering of snow crawls slowly down 
every year, not more than 12 inches a month, but with enough 
force to bend iron fence posts two inches thick as though they 
were twigs. The plants grow even in the loose scree which, like 
the snow, creeps down the slope, burying and crushing every- 
thing under it. They manage to pass through the downward- 
moving scree, to crawl over it, to stretch themselves through its 
interstices, to cover it over or even to block its movement, and in 
one way or another to adapt themselves to the restless, grudging 
soil. 

In mountainous regions where environmental conditions 
eventually prove too severe for flowering plants to live, lichens 
and mosses are quite at their ease, flourishing on Himalayan 
summits 23,000 feet above sea-level. The heat of the sun matters 
as little to them as an extreme frost. Their habitat, apparently, 
may be anywhere. Many can grow even at 24°C below zero - 
very slowly, it is true, not more than a millimetre a year, but 
constantly. If it becomes altogether too cold, the lichens become 
dormant. At this point the temperature may quite well be 200°C 
below zero, as laboratory experiments have shown. It does not 
affect lichens. They are capable of using very short periods of 
warmth, for in a few minutes they can switch from the absolute 
rest of freezing conditions to full activity. As they are also ex- 
tremely modest in their demands, and can live even on sterile 
quartz, they are quite at home in Arctic regions, and often pro- 
vide the chief foodstuff of the Lapland reindeer breeders and 
their herds in the cold season of the year. 

Are there more extreme conditions than those of the central 
Sahara, the highest summits of the Himalayas, or the poles? One 
can scarcely believe it, but there are. In the immediate vicinity of 
volcanoes life becomes a hell. Hot sulphurous fumes stream out 
of the ground; boiling acids seethe in craters; bubbles rise in 
pools of mud, burst, and release poisonous gases. A few inches 
under the earth’s surface the ground is so hot that one can fry 
eggs on it or set brushwood alight. At the same time, atmospheric 
humidity is at a maximum. Often a glowing rain of hot ashes will 
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descend as dust or as a shower of jagged, inch-thick bullets. Fiery 
streams of lava flow past. Here the limits for even the toughest 
_ plant life are finally reached. Plant saps would boil at tempera- 
tures above 100°C; every plant would necessarily suffocate in a 
constant sulphurcus atmosphere. Yet on the edge of this inferno 
life has settled, and adapts itself to the encroachments of hell. 
_ Once again it is lichens and algae that deal with the near-impos- 
sible. Blue algae can survive in hot springs at a temperature of 
80°C, pebble algae flourish luxuriantly at 50-60°C, and exist 
even at a constant 94°C, and so can live permanently in nearly 
boiling water. Thermal springs in Java have blue algae colonies 
established in hot water at a temperature of over 60°C, with, in 
addition, a high percentage of sulphur. 

But higher plants, too, have accustomed themselves to living in 
these conditions. Some species of heather (Ericaceae) and rela- 
tives of the bilberry even venture into the vicinity of bubbling 
mud masses. Thanks to a unique adaptation, their roots can tol- 
_ erate a temperature of up to 75°C, for their whole surface is 
covered by a thick layer of cork which contains a good deal of air 
and works as an efficient heat insulator. Tree heather copes in 
another way with the high temperature prevailing a little under 
the surface of the ground. This plant, which is taller than a man, 
has roots that grow only a few centimetres into the ground, just 
far enough for the heat to rise above 23°C. At precisely this 
temperature threshold the roots bend sideways and crawl away 
under the surface of the earth. They have developed the ability to 
take very exact temperature measurements, about equal to those 
of a good thermostat, in order to avoid overheated regions. 

As regards quality of ground, volcanic flora must be hardy for 
the earth is very acid. The most extreme values have been 
measured around the roots of certain marsh reed plants which 
manage to grow on the Tecapa volcano in El Salvador, in mud 
containing sulphuric acid. The ground moisture there is more 
acid than lemon juice or vinegar, and is described by chernists as 
a strong acid (pH 1°6), Volcanic ground is not exactly poor in 
salts either. In many areas, plants must deal with a high content 
of alum. This they manage because they have learned how to 
store up considerable quantities of aluminium, which is con- 
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tained in alum. It is an ability that makes them quite unique, for 
all other plants are able to process only very small quantities of 
aluminium. 

Life is not simple on the border of craters, even when not 
immediately endangered by volcanic gases and heat. Volcanic 
ash, often at a fairly steep angle on the slope of a crater, is by no 
means ideal soil, nor are crumpled, folded crusts of lava. Yet 
even here modest plant communities are always to be found, with 
thick-leaved plants, camel’s thorn and lichens among them. 

It is not only new volcanic ground that is marked by high 
concentrations of salts. Seashores are continually washed by salt 
water, which evaporates in great quantities in shallow pools, 
often leaving white crusts of salt in the dry season, or on cracked 
and parched ground, as in the Camargue in the south of France. 
The goosefoot plants which maintain themselves here must tol- 
erate not only floods lasting months, followed by absolute 
droughts under a blazing sun, and ground hard as rock, but also 
quantities of salt into the bargain. This is as excruciating as if one 
were to water indoor plants not with rainwater but with 
picklebrine. 

However difficult living conditions may be in tropical deserts, 
high mountains, polar regions, volcanic areas or saltpans, one 
thing never fails the plants there: light. Without light there can 
be no life for green plants, and this explains their complete ab- 
sence from caves. It is often so dark at cave entrances that only a 
few species can maintain themselves there — those that have no 
great need for light. Stinging nettles are often to be found at such 
places, because in the long run they can manage with only 1 per 
cent of an average day’s light. Further in, the spleenworts (As- 
plenium trichomanes) flourish, as well as a few mosses and 
various algae. A two-thousandth part of daylight just suffices to 
keep them alive. (Species of algae are able to live in the semi- 
obscurity of the oceans, even at a depth of 300 feet, but they, too, 
fade out in absolute darkness. ) 

Only fungi and bacteria can do more. SME travelled under- 
ground in flowing water or currents of air they manage to feed on 
organic substances that have either gone by the same route or 
been carried there by cave explorers. The exceptionally delica 
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colourless filigree of the mould fungus grows on all plant and 
animal refuse in the damp and windless climate of caves. The 
snow-white cotton-wool balls of the mucor fungi can grow as big 
as footballs, and are so sensitive that at the slightest touch, or 
even at a flash of light, they fall to pieces. 

Bacteria are always present in a cave if it has the merest breath 
of air. They can be observed particularly well in the warm 
grottoes of Mediterranean countries. In still air they take days or 
even weeks to fall to the ground, or on to a ledge or a stalagmite, 
where they form a black deposit on the upper side. Overhanging 
parts are always free of them. 

Twice during my visits to almost fifty different caves I have 
met with a botanical curiosity which deserves mention in a book 
about plant adaptations, even if it is not really typical, or 
specifically connected with plant life in caves. This concerns 
penetration by tree roots (in both cases sycamores) into caves 
from the earth above. One example was in the Ho6llgrotten at 
Baar, Switzerland — well known for their bewilderingly varied 
stalactite forms — and the other was in the cave of Pech-Merle at 
Cabrerets in the Département of Lot, France, where many 
traces of prehistoric man have been found. The darkness and the 
high degree of atmospheric humidity represented ideal life con- 
ditions for the roots. Yet the new environment was unusual: 
there was no earth. The roots at once responded to the new 
situation. They did not divide as usual but grew (in the 
Holigrotten across a space of 20 feet) with uniform thickness 
directly towards the floor of the cave in order to reach the earth 
where they belonged. 
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CHAPTER FIFTEEN 
Plant Freaks and Oddities 


To watch the grass growing is not just a figure of speech but an 
actual possibility. Pluck an ear of rye on a warm summer’s day, 
and you can see with your own eyes the stamens pushing them- 
selves out of the ear at a speed of nearly 2 mm a minute. Tropical 
bamboo shoots come out of the ground a little more slowly, but 
achieve a far greater quantity of production. Shoots several 
centimetres thick lengthen themselves by 2 mm every five 
minutes, or up to 4 inches in only 4 hours. 

But the record for growth is held by the fruit of the plant 
which in its native Brazil is poetically called ‘the lady of the 
white veil’ — a tropical fungus with the botanical name of Dic-= 
tyophora., 

Its whitish egg-shaped form grows very rapidly, then tapers to 
a point and bursts; from this point a stalk with a little green hat 
thrusts out at the rate of 5 mm a minute. Every now and then, 
during this rapid growth, there is a crackling sound of tearing 
stalk tissue: one can literally hear ‘the lady of the white veil’ 
growing. Soon, at the rate characteristic of this remarkable little 
plant, a filigree of finewhite mesh grows out of the little hat at the 
end of the stalk: this is the ‘veil’. Unfortunately, fair though the 
‘lady’ may be, she has a very unladylike odour of putrefying 
meat. The smell attracts flies, and the flies disperse the spores. 

This fungus passes away as quickly as it has come. Shooting 
up in record time to 4 inches, it lives for a single night and by the 
morning has collapsed to a little heap of filth. 

More lasting are a series of quick-growing tropical trees. The 
big leguminous tree Amherstia nobilis puts forth brushes of 
leaves up to a metre long within a few days. Eucalyptuses can 
grow to nearly 50 feet in three years, and Albizzia moluccana of 
the Asiatic tropics grows so rapidly that plants only one year old 
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measure from 15 to 20 feet. Six-year-old specimens can be as 
much as 80 feet high, and their stems at the height of a man are 8 
to 10 inches thick. 


Not only do eucalyptuses grow very quickly; they also grow to 
a tremendous height. The giant of the Latrobe river in Tasmania 
has a height of 550 feet, 21 feet taller than the highest church 
tower in the world, that of Ulm Cathedral. 

Fig trees develop the mightiest tops. The monarch of the tribe 
is in the Botanic Gardens of Calcutta. Although its height is only 
85 feet, it is 65 feet thick. The crown has a circumference of 975 
feet, this enormous dome being held by 562 aerial roots. This tree 
shades an area of 8,400 square yards. 

Trees are not the only plants that can develop gigantic dim- 
ensions. In Pennsylvania a bilberry plant at least 1,200 years old 
was discovered in 1918; it covered an area of 90,000 square yards. 
This was no colony, but a single plant. Two years later a still 
more gigantic bilberry bush was discovered, in the same district, 
which had overgrown an area a mile and one third across. It was 
spreading by subterranean runners at an average rate of 6 inches 
a year. If growth was always at the same rapid pace, it must have 
been 13,000 years old, and therefore have germinated in the Early 
Stone Age. Trees can also live for several thousand years, 
baobabs, dragon trees, and Californian sequoias being the most 
longeval. 

The vine is one of the plants which in the course of time may 
grow to gigantic proportions. The biggest grows in Scotland. 
Planted in 1831, it has extended itself over an area of more than 
4,700 square yards. The most fruitful vine is probably one near 
Graz in Austria — one single plant which gave 44 gallons of wine 
in 1935. | 

Among the biggest blooms in the world is the Rafflesia, a native 
of the jungles of Sumatra in the East Indies, with a fetid carrion 
smell. It has a diameter of 18 to 36 inches, while the plant itself 
develops neither roots, shoots, nor even leaves. Putting out thin 
threads reminiscent of the meshes of fungi, it lives as a parasite 
within the branches and roots of forest trees, 

Water plants, too, can attain impressive dimensions: seaweeds 
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of the genus Laminariales can grow up to a hundred yards long. 


Some seeds retain the capacity for germination over remark- 
ably long periods of time. During the air-raids on London in 
September 1940, the Natural History Museum in South Ken- 
sington suffered damage by fire. Some seeds of Albizzia ju- 
librissin, the silk-tree, were affected by water from the fire hoses, 
and in due course germinated, Records show that those seeds 
were gathered in 1793! 

The longest rest period on record for seeds is reported of the 
Indian lotus: the New York Botanic Garden announced in 194§ 
the germination of some lotus seeds that had lain in a herbarium 
for 250 years. Suspended animation for this length of time is an 
astonishing achievement, and one wonders how the living cell 
material, built up out of highly complicated combinations of 
albumen, organic acids and other substances, can last for such 
long periods unimpaired. | 

Indeed, many plant seeds are tremendously tough. Dormant 
air-dried seeds can in many cases be chilled to —250°C without 
losing their ability to germinate. Lucerne seeds can tolerate heat- 
ing for hours up to roo°C without injury. Red clover seeds can 
stay for years in pure alcohol, and after that will still germinate. 

Bacteria spores live far longer than any seeds of flowering 
plants: some Egyptian spores which came to light at the exca- 
vation of papyrus rolls 3,000 years old proved to be still quite 
viable. 

What is the absolute age record for living organisms? A Cana- 
dian biologist found germ cells of unicellular plants in rock from 
the Early Cambrian period. For nearly 600 million years they 
had been cut off from air and could receive no nourishment. 
Even so, they had been able to survive through this tremendous 
passage of time. 


Curiosities. among plants include the various insect-eaters with 
their diabolically ingenious trapping equipment. Of these, the 
Venus fly-trap has already been described in Chapter Eight. 
Others include the sundew, Drosophyllum lusitanicum, wide- 
spread in Portugal and Morocco, which has a simpler mechan- 
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__.ism. Its leaves are thickly covered with glandular hairs, at the end 
_ Of which are little dew-drops whose delicate honey-like smell 
attracts insects. If these insects settle, they remain stuck to the 
treacherous drops as to a glue fly-paper (in fact, the sundew is 
used in some countries for that very purpose). This triggers the 
secretion by the plant of digestive juices, which dissolve the 
victim. The pitcher-plants of the tropical forests of the Indian 
Ocean islands capture insects with specialized leaves shaped like 
jugs, which contain digestive juices; some of these are a yard and 
more deep. Once an insect, attracted by the sweet scent of the 
-trap-jug, has entered the leaf, it is irretrievably lost. It can find 
no foothold on the smooth walls, for juice continually rolls off 
them. Flies can settle on overhanging panes of glass, but their 
adhesive feet fail them on damp surfaces. So they fall to the 
3 - bottom of the jug, drown in the digestive juice and are dissolved. 
: Highly interesting flesh-eaters, but little-known except to bot- 
_ anists, are the 250 species of Utricularia, water plants that cap- 
5 - ture small animals living in the water. These simply swallow 
their prey with little pouches, 0-3 to 5 mm in size, which close 
- with a door, kept absolutely watertight by means of a sill. In a way 
3 not yet fully explained, but presumably electro-chemically, the 
_ plant pumps half of the water out of these pouches, causing a. 
strong negative pressure inside them. ‘Tf a water animal, such as a 
_ mosquito larva, then touches one of the lever-like bristles that are 
_ set like latches on the trap-door, it springs open inwards and the 
_ victim is sucked in by the negative pressure. The botanist F. E. 
_ Lloyd, who has filmed this operation, found that the opening 
_ takes the hundred and sixtieth part of a second. In one fortieth of 
_ a second the door closes again, springing back elastically as the 
balance of pressure reasserts itself. The whole operation works as 
- quickly as the shutter of a camera. 
4 This plant carnivore is quite ‘humane’, however. Before it 
_ digests its prey, which will take anything from 12 to 48 hours, it 
_ kills it chemically. The importance of animals for the develop- 
ment of Utricularia was first recognized by the botanist M, 
_ Busgen, who established at the turn of the century that plants 
_ thus fed grew twice as quickly as those from which animal food 
was withheld. It has even been proposed to control mosquito 
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larvae in malaria-infested districts by widespread planting of 
Utricularia species. 

One of the foremost authorities on carnivorous plants, Strehli, 
writes: 

In digestive activity, insect-eating plants can challenge any animal 
stomach. Not only the living muscle tissue of insects is digested, but 
raw, minced or roasted beef or veal. Even strong cheese, tough gristle, 
nitrogen-rich plant seeds, pollen, fragments of bone, and tooth enamel 
cannot resist their powers of digestion. Only farinaceous, sweet and 
sour substances are not digested. 


Certain bacteria that live in sea-water, as well as a number of 
marine dinoflagellates and a few dozen fungi, possess the unusual 
capacity of shining at night so brightly that one can read by their 
light. 

Swarms of the tiny dinoflagellate Pyrodinium live in a little 
bay near Parguera in Puerto Rico. On new moon nights or under 
a clouded sky they shine so intensely that the bay is called Bahia 
Fosforescente, ‘Phosphorescent Bay’. They shine particularly 
brightly when the water is disturbed. A boat’s wake, or even the 
path of swimming fish casts a magic glow like the tail of a comet. 

A luminous fungus grows near Nakano-go on the Japanese 
island of Hachijo and in the dark its light can be seen from fifty 
yards away. Luminescent fungi are also to be found in European 
and North American woods, e.g. the deliciously flavoured honey 
mushroom. 

Science has not yet been able to explain the importance of 
luminescence for plants: What has been proved, however, is that 
their sources of light work more economically than any human 
lamps, with an efficiency of almost 100 per cent — unequalled 
even by modern fluorescent lighting, which also diffuses cold 
light and gives off no useless heat. But it is not only in relation to 
efficiency that botanic lamps are economical in their working: 
they are so devised that the light is turned on only when it is 
really needed, i.e. in the dark. 
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Where Do We Go from Here? 


_ In 40,000 years of development, man has brought technology to 
_ its present level, at first slowly, then with increasing speed. Our 
technological knowledge is now doubling every five years. In 
_ those 40,000 years man has created much that makes life easier, 
and much that makes it more difficult. There is no reason to 

belittle the many gratifications that technology offers, nor to 
overlook the price that it demands. 

This book has shown that plants, too, solve technical problems 
__ by technical means. But they can do this without any problems of 
- noise or garbage, without polluting the air or setting up stress 
situations that need psychiatric treatment, Yet plant and human 
¥ technology are often amazingly similar. Where, then, is the 
_ difference, and where did we go wrong? What can we do to solve 
_ problems by technological means without at the same time cre- 
ating greater problems? Answers to these questions can often be 
read between the lines of this book. Here, in a last chapter, they 
will be summarized, 

First let us take stock of the differences between human and 
plant technology: We shall then see what we can do, indeed what 
we must do at once, if we are to live with our environment and 
not against it. 


I. The technology of primitive peoples is necessarily still very 
close to nature. It meets all the direct demands of the ens 
vironment. Human societies at the Stone Age level of civilization 
are therefore understandably the only ones that can maintain 
themselves for millennia with absolutely no change, and to some 
extent still continue to do so today. They know nothing about 
any rise, zenith, or decline in their culture, But since the first 
advanced civilizations arose, technology has freed itself more and 
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more from the constraints of nature, and gone its own way. The 
independent ‘construct’ has emerged from development — as a 
result, admittedly, of that process of selection which is also 
nature’s way. 


2. Feedback to the environment broke down when the construct 
appeared. Development is only possible if we continually select 
those principles that are favourable to the environment, and thus 
adapt to the environment. Constructs go their own way, ignoring 
all environmental factors which are not immediately relevant to 
their aim; they ignore the effect of their actions on the environ- 
ment. Development sticks close to practice, but constructs, be- 
cause of the absence of feedback from the environment, are 
emphatically theoretical. 


3. Because we are increasingly preoccupied with theory, feed- 
back is often completely lost, and we become unable to act. For 
instance, instead of eliminating, or better still preventing, pol- 
lution of the environment, we waste our time analysing it at great 
technical and financial cost. 


4. Absence of feedback leads to rigidity in the solution of prob- 
lems. Once a solution is found, it is not continuously adapted te 
the constantly changing environmental conditions, On the con- 
trary, for a while an attempt is made to adapt the environment tc 
the construct, which inevitably damages the environment, be- 
cause the natural state of equilibrium is bound to be disturbed 
Only when the environment cannot be changed beyond a certair 
point is the solution of the problem changed, but even then in < 
spasmodic rather than continuous fashion, For man, who always 
suffers an equivalent damage and disturbance, the inevitabl 
consequences are stress situations and social tensions. 


5. Lacking feedback in technology, man’s general under- 
standing of his environment diminishes. Thus scientists are 
baffled when they see how accurately Stone Age and Bronze Agt 
man measured time and mastered the calendar. This only mean: 
that our forefathers observed the environment, as they had to 
Lack of consciousness of the environment finally leads to tech- 
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nological solutions that are neither sympathetic to it nor creative, 
but defensive and destructive. 


6. Development is a long-term process. Nature proves this, for 
tural species do not adapt themselves overnight to a new en- 
vironment. (Which is probably one reason why many modern 
iologists -have actually excluded the word ‘adaptation’ from 
eir vocabulary.)'That long periods of time are required for 
evelopmental processes is an inevitable result of continual feed- 
ack, whereby the all-round suitability to the environment of the 
roduct of development is constantly re-assessed. The construct, 
m the contrary, is a short-term process, and so in the end its 
product will be faultier and more susceptible to interference than 
the product of development. 


Technology, working predominantly with constructs, can 
change things radically in a short time, while the environment, 
working with developmental methods, cannot. This means in- 
creasingly that technology appears to forge triumphantly ahead 
yhile natural adaptation lags behind, faint yet pursuing. This, 
owever, does not represent an advantage for technology: in the 
last resort, it will have to take into account the natural factors of 
the environment. So one day it will have to wait till nature 
catches up with it. Technology will find the waiting painful, for 
it survives by racing ahead. But if it does not wait it will bring 
_ about its own self-destruction, or the total destruction of the 
environment. 


4 8. As long ago as the early 1960s, the far-sighted author and 
_ thinker K. W. Marek, in his book Yestermorrow: Notes on Man’s 
_ Progress (London, 1961), put forward the idea that not only does 
_ the machine belong to the environment of man, but man belongs 
_ to the environment of the machine. As the machine is a tech- 
- nologically constructed mechanism, while man on the contrary is 
| a biologically developing one, man cannot adapt himself in the 
} _ short term to the machine. The constructed machine for its part 
A _ pays no regard to its environment, man. Stress situations there- 
- fore are constantly on the increase. 
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Taking the eight points together we see that all the drawbacks 
of the human technological system as compared with plant tech- 
nology are a consequence of man’s thinking in constructs. Non- 
thinking nature works far more practically and intelligently in 
the long run. She knows no logic, therefore she can never be 
illogical. But if, from this reflection, we are to conclude that 
human aspiration is inevitably the cause of his error, the attitude 
would be fatal to our future. That we can think, we have 
sufficiently proved. Now we must leafn to rethink things from 
their foundations. Our next ‘constructive’ aim must be pliancy 
and adaptation, conscious pliancy, not fatalism. How we are to 
proceed in detail may be deduced from the same eight points. 


1. Technology must find a way back from the self- 
glorification of its construct principles and their disregard of the 
environment, to the consciousness of man’s total dependence on 
the environment, and thus to the system of development. 


2. We must reverse, as quickly and as thoroughly as possible, 
those effects of technology on the environment that have been 
harmful, and prevent any future ones: 


3. Theory and analysis are not in themselves the cure. The only 
thing that can help is the action of responsible (and, if necessary, 
authoritarian) governments. It is not enough to determine th 
exact dimensions of the various injuries to the environment: the 
must be removed in the most direct way possible in each case. Fo 
instance, measurements of exhaust gas concentration in bi 
towns cannot take the place of prohibiting motor traffic in tho 
towns. Here, too much is better than too little. 


4. All solutions of technical problems, especially those that 
considered to have proved themselves, must be continually re 
examined as to their fitness in relation to the changing environ 
ment. The reverse also applies: the demands made b 
environmental solutions must be kept under constant review. 
‘Town planning, for example, is good, and therefore advisabl 
only so long as the accumulation of dwelling houses and pla 
of work does not overwhelm the resources of traffic control, an 
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- does not lead to physical and psychological harm to the inhabi- 


q tants. In many overcrowded cities these conditions have not been 


ho 


= fulfilled for a long time. A government which exclusively 
_ furthers the interests of towns is acting irresponsibly, for as long 
as towns are assisted they will continue to grow. If our new 
_ doctrine of development is to be applied, an ‘anti-town’ law is 


4 called for. 


_ 5. An understanding of the environment — not the artificial but 
_ the natural environment — should be aroused and promoted in 


q 
-s 


- every possible way. This means rethinking all the priorities of our 


a 


* daily life from beginning to end. To quote the German Weltbund 
_ zum Schutze des Lebens (World League for the Defence of 
= Life): | 


‘= _ The politicians and economists of every country will have to recog- 
ES nize that, considering the frightful immediacy of the dangers that 
_ threaten us, all so-called ‘great’ events of today’s world (labour 
_ conflicts and prize fights, revolutionary troubles and war upsets, mon- 
etary crises) and all plans and projects zealously programmed for a 
_ ‘future’ (EEC, space travel, economic and cultural schemes) appear 
_ absolutely trivial and ridiculous, and are fundamentally senseless and 


_ remote from reality. A politician voting to squander billions in public — 


_ money on schemes that have nothing to do with the saving of life, is 
acting irresponsibly and betraying humanity. We must realize the 
_ breakneck speed at which we are approaching the point of no return. 
_ The hitherto accepted habits and principles of political and economic 
a life now belong to the past. From now on there can be only one 


common policy for all the peoples of the earth: the saving of life. 


4 6,7. ‘Technology’s golden calf was and is blind progress. Delib- 
- eration, and the courage to call a halt to existing tendencies, must 
E immediately be put into practice if our awakening is not to be a 
_ traumatic one. Already the electricity supply companies proph- 
_ esy electricity cuts in the next decade, because of lack of power. 
_ This need not have happened, but for the continual production 
_ of new electrical gadgets. Drastic limitation of advertising and, if 
_ mecessary, even prescriptive limitation of production, are the sort 
_ of harsh measures which alone are worth discussing, and which 
must be put through if the worst is to be avoided. Further exten- 


151 


Nature, Mother of Invention 


sions to the existing power stations are no long-term solution. A 
continual drain on power supply will lead in the end to the 
stripping of our reserves. 


8. A ship comes to a halt only if it is switched from ‘full ahead’ 
to ‘full astern’, and even when this radical measure is applied, an 
ocean liner at full speed still takes as much as twenty sea miles tc 
come to a standstill. Slowing or stopping the engines would be as 
good as useless. Similarly, those people who will be in charge of 
the task of reigning in our runaway technology will have to start 
with the same idea — and that means all of us. Man long age 
reached the limit of his speed in adaptation. Every further tech- 
nological advance — in the traditional sense — threatens his exist- 
ence. It is absurd to discuss the possibility of helping him te 
adapt himself to his technology with the aid of psychiatry, drug: 
or recreational activities. Such adaptation cannot succeed, as 
long as technology advances more rapidly than man. And why 
should man adapt himself to technology? Is not the first task of 
technology to help man to adapt himself to his natural 
environment. . 

To begin to adapt technology to man is but the first step in 
this direction. ; 
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a Pelican Book 


‘Plants are better engineers than we are. 

Man’s technological ‘progress’ is barely 
significant by comparison with the transforming 
capacity of nature. Mankind has reached an 
ecological crisis, threatening himself with 
extinction, yet nature, 400 million years old, 
continues to provide man with an object-lesson 
inthe economical use of resources, 
conservation, adaptation and invention. 


Felix Paturi argues forcefully that we must 
learn from nature’s techniques if we are to 
survive; only by imitating nature, and 
reconciling development and adaptation, will 
the human race regain the equilibrium needed. 


‘Here is a book that can be recommended 
almost without reservations. A modei of 
information and compression... It has 

a freshness about it’ — John Hillaby in the 
New Scientist 


‘Mr Paturi writes with great charm, and there 
is nothing speculative about the information he 
provides; yet this book is enough to give you 
the creeps’ — Bernard Levin inthe Observer 


The cover shows Leonardo da Vinci's design for a flying 
machine (photo Tony Evans) 
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